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Abstract

Abstract
The energy crisis is becoming one of the biggest global concerns with increasing energy demand, and the
heavy consumption of fossil fuels in the past century has raised irreversible environmental pollution. Therefore, it is of great urgency to establish a global-scale clean and sustainable energy system. Among various
strategies, converting sustainable energies (e.g., solar and wind power) into chemical fuels that can be flexibly stored and transported is a preferable choice. Hydrogen gas (H2) is an ideal energy carrier owning to
the highest gravimetric energy density (142 MJ kg-1) among all the chemical fuels and zero-emission of
pollutants during chemical conversion. Water electrolysis can realize sustainable clean energy-to-hydrogen
conversion, which will be the game-changer once the cost and efficiency of this hydrogen production process can compete with conventional steam reforming. As compared with proton exchange membrane water
electrolyzers (PEMWEs), anion exchange membrane water electrolyzers (AEMWEs) not only offer a
milder alkaline working environment that increases the stability of precious metal-based electrocatalysts,
but also allow for the use of earth-abundant electrocatalysts for oxygen evolution reaction (OER). However,
the biggest challenge associated with alkaline water electrolysis is the sluggish hydrogen evolution reaction
(HER) kinetics, which is two to three orders of magnitude lower than that in acidic solutions. Therefore,
the current top-priority is to develop high-performance electrocatalysts for alkaline HER. Heterostructures
generally maintain physicochemical properties that differ from their individual counterparts, thus are potential for a wide range of applications. In particular, rational manipulation of heterointerface would trigger
favourable electronic and synergistic effects, which are of critical significance for the electrochemical performance. This thesis aims to design and synthesize heterostructures with well-defined and regulatable heterointerface towards fast alkaline HER kinetics.
Platinum (Pt) is the state-of-the-art electrocatalyst for the most efficient HER in acidic media due to the
optimum hydrogen binding energy (HBE). Nevertheless, its alkaline HER kinetics is particularly sluggish
due to the high activation energy required for promoting water dissociation step. Therefore, it is crucial to
lower the water dissociation energy barrier to ensure rapid proton supply, thereby expediting the overall
alkaline HER rate. In the first work, new platinum/nickel bicarbonate (Pt/Ni(HCO3)2) heterostructures were
designed for alkaline HER. Notably, the specific and mass activity of Pt nanoparticles (NPs) in the
Pt/Ni(HCO3)2 heterostructures are substantially improved as compared to the bare Pt NPs. The Ni(HCO3)2
substrate not only provides abundant water adsorption/dissociation sites, but also modulate the electronic
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structures of Pt NPs, which determine the elementary reaction kinetics of alkaline HER. Moreover, the
Ni(HCO3)2 nanoplate offers a platform for the uniform dispersion of Pt NPs, ensuring the maximum exposure of active sites. The results demonstrate that Ni(HCO3)2 is an effective catalyst promoter for alkaline
HER.
Further, functionalized carbon-supported ruthenium (Ru/NC) heterostructures containing abundant
Ru−N(O)−C moieties were developed for rapid alkaline HER kinetics. It is widely known that the coordination chemistry (e.g., interfacial bonding, coordination number) of metal/support heterointerface largely
determines the electrocatalytic performance of heterostructured electrocatalysts. However, it remains a
great challenge to controllably manipulate the interfacial chemistry of heterostructures at atomic level. In
the case of Ru/NC heterostructured electrocatalysts, the coordination chemistry of Ru−N(O)−C moieties,
and hence the geometric and electronic structures of Ru species were precisely modulated via proper annealing treatment. Specifically, the optimal electrocatalyst delivers by far the highest specific activity
among Ru-based electrocatalysts, and the TOF value reaches 32 s-1 per active site at the overpotential of
100 mV, surpassing commercial Pt/C in alkaline medium. The interface engineering of the heterostructured
electrocatalysts not only facilitates H2O adsorption and dissociation with the help from Ru−N(O)−C moieties, but also optimizes the adsorption behaviors of H on the metallic Ru sites, thereby inducing accelerated
hydrogen evolution kinetics in both alkaline and acidic media. The work demonstrates the atomic-level
interface engineering of Ru-based heterostructures and opens a new direction for the development of more
efficient heterostructured catalysts for HER. We believe that this thesis would bring about new insights into
the development of high-performance electrocatalysts through rational design and controllable synthesis of
heterostructures, with further atomic-level engineering of interfacial coordination chemistry for achieving
tunable catalytic activity.
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Chapter 1 Introduction
1.1 Background
Past decades have witnessed severe environmental issues such as glaciers melting induced sea level rise,
which is mainly due to the heavy consumption of fossil fuels that emit a huge amount of carbon dioxide.
The energy crisis is becoming one of the biggest global concerns with increasing energy demands and rising
population.[1] To address these energy and environmental issues, intense attention has been drawn to the
development of efficient energy storage and conversion devices in the past decades.[1-3] In addition to developing grid-scale energy conversion and storage systems, converting sustainable energies (e.g., solar and
wind power) into chemical fuels that can be flexibly stored is another promising strategy.[4] Hydrogen gas
(H2) is an ideal energy carrier owning to the highest gravimetric energy density (142 MJ kg-1) among all
the chemical fuels, and the use of which would also relieve the environmental issues due to the zero-emission of pollutants during chemical conversion process.[5] Water splitting is one of the most promising approaches to realize sustainable clean energy-to-hydrogen conversion, which can be mainly implemented
through photoelectrochemical devices and water electrolyzers. However, due to the limitations such as low
working current densities and restriction of energy supply, photoelectrochemical water splitting device is
not a favorable choice for realizing sustainable hydrogen production.[6-8] On the other hand, by combining
large-scale renewable energy harvesting infrastructures with water electrolyzers, electricity derived from
renewable energies (e.g., solar energy, wind power) can be intermittently converted into H2.[9, 10] Despite of
lower solar-to-hydrogen conversion efficiency, water electrolysis is apparently accessible to a wider range
of renewable energies which are potential for energy-to-hydrogen transformation. Once the cost and efficiency of this hydrogen production technique can compete with conventional steam reforming, water electrolysis will become the game-changer. Figure 1.1 depicts a sustainable route for the production and utilization of hydrogen energy. As compared to the industrial production of H2 via traditional steam reforming
of fossil fuels which produces a large amount of greenhouse gas, this pathway is CO2-free and more sustainable.[11] Nevertheless, the practical application of water electrolysis is in its infancy by far, largely hindered by the high cost and inferior performance of electrocatalysts. Therefore, designing low-cost and highperformance electrocatalysts is the current priority for the development of water electrolyzers.
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Figure 1.1 A sustainable pathway for the production and utilization of hydrogen energy. Reproduced with
permission.[11] Copyright @ 2018, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
Currently, practical water electrolysis is mostly operating in acidic electrolyzers equipped with proton exchange membranes (PEMs),[6] which is therefore called PEM water electrolysis. Although PEM water electrolyzers feature high power density, a rapid hydrogen production rate and a compact design, their application is hindered by the high cost of PGM-based electrocatalysts and PEMs.[6] In addition, the highly corrosive condition raises many safety concerns for PEMs and stability issues for PGM-based catalysts, which
further increase the cost of overall device setup. The mild alkaline water electrolyzers, equipped with OH−
exchange membranes, not only offer a safer working environment, but also increase the stability of PGMbased catalysts and opens a possibility of hunting PGM-free catalysts.[12-14] Moreover, in water electrolysis
system, the best oxygen evolution reaction (OER) electrocatalysts usually perform well only in alkaline or
neutral conditions.[15] However, the biggest challenge associated with alkaline water electrolysis is the sluggish hydrogen evolution reaction (HER) kinetics, which is 2 to 3 orders of magnitude lower than that in
acidic conditions. Therefore, developing electrocatalysts which are highly active and sustainable towards
alkaline HER process is of significant urgency.
It is known that electrocatalytic reaction is typically a heterogeneous process that occurs on the solid catalyst surface (and/or at the interface in a heterostructured catalyst). According to Sabatier principle (Figure
1.2), the good catalyst is expected to have an optimized adsorption strength for reactants/intermediates,
which should be neither too strong nor too weak.[16, 17] Therefore, it is not difficult to understand that why
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the electrocatalytic activity is closely related to the physicochemical properties of the catalysts. For heterogenous electrocatalysis, the ultimate goal is to investigate the relationship between the adsorption behaviors of reactants/intermediates and the reaction kinetics. Thanks to the rapid development of modern physiochemistry and computational quantum chemistry, an insightful understanding of the reaction mechanism
of a catalytic process at atomic level can be achieved by combining experimental measurements, spectroscopic characterizations and computational calculations.[17-20] Thus, the nature of the catalysts and the origin
of their activity towards a specific reaction can be well interpreted. Under this guidance, one can design
catalysts with potential catalytic activity by rationally tailoring their physicochemical properties. As one of
the simplest electrochemical reactions which generates solely desired product, HER is an ideal model reaction to implement the above-mentioned methodology to the field of electrocatalysis. Therefore, HER
serves for decades as a bridge to link the fundamental surface electrolysis and practical catalyst design.[21]

Figure 1.2 Illustration of the Sabatier principle. Reproduced with permission.[22] Copyright @ 2015, Elsevier Inc.
Up to now, fundamental studies of electrocatalytic HER catalysts are mainly carried out in acidic aqueous
solutions owning to the simple and well-documented acidic HER mechanism. Impressively, the hydrogen
adsorption behaviors in acidic solutions has been clearly constructed under the support of computational
quantum chemistry.[21, 23] On this basis, volcano plots by connecting exchange current density (j0) with
hydrogen adsorption energy (∆GH*), which cover a wide range of precious metals and transition metals,
have been well-established.[24-26] The activity trend interpreted by these volcano plots will definitely provide
a guidance for the design and development of electrocatalysts which are suitable for acidic media. In the
case of alkaline HER, although the reaction mechanism has been justified and commonly accepted by the
electrochemical community, theoretical studies on the energetics and kinetics of this process is still limited.
This is largely ascribed to the debates existing in the computational quantum chemistry, such as whether
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∆GH* acts as a sole activity descriptor for alkaline HER process,[27, 28] and whether the additional water
dissociation energy barrier affects the overall reaction kinetics.[29, 30] As a result, development of efficient
electrocatalysts towards alkaline HER has been significantly hampered.
Platinum group metal (PGM)-based materials are the state-of-the-art electrocatalysts for a variety of reactions due to their high electrocatalytic activity (e.g., Pt for HER[31] and oxygen reduction reaction (ORR),[32]
IrO2 for OER[15]). However, the elemental scarcity of precious metals results in the high cost of electrocatalysts, which severely hinders their large-scale applications. Hence, exploiting low-cost and highly efficient
electrocatalysts, by either decreasing the loading amount of PGMs, or exploring earth-abundant alternatives, has been a research frontier. PGM-free electrocatalysts for alkaline HER, including transition metal
dichalcogenides (TMDs),[33, 34] transition metal carbides (TMCs),[35] transition metal nitrides (TMNs),[36, 37]
transition metal phosphides (TMPs),[38, 39] and their heterostructures,[40] have been extensively reported over
the past decades. Moreover, even metal-free catalysts such as heteroatom-doped carbon-based materials,[4143]

and carbon-based metal-free heterostructures are developed as cost-effective electrocatalysts for alkaline

HER.[44, 45] Nevertheless, the inferior performance of PGM-free catalysts are far from reaching the demand
of industrial applications. In this regard, designing precious metal-based catalysts for efficient HER in alkaline media continues a research frontier. Recent achievements have demonstrated engineering heterostructures (in which complex chemical bonding is usually involved at the interface) is capable to achieving
new physicochemical properties at the heterointerface, thereby resulting in desirable electrochemical performance.[46-48] In particular, engineering heterostructured electrocatalysts through controllably manipulating interfacial chemistry is a profound direction to promote electrocatalytic kinetics. Specifically, developing precious metal-based heterostructures with reduced mass loading (< 10 wt%) of PGMs whereas significantly enhanced intrinsic activity may become a breakthrough, which would also compensate the disadvantages of high price of PGM-based catalysts and the unsatisfactory performance of earth-abundant electrocatalysts. Such strategy can be realized via rationally designing the heterointerface of the PGM/substrate
system with desirable electronic and synergistic effects.[49-51] As a result, the as-designed heterostructures
usually exhibit optimized electrocatalytic performance, which even outperforms those commercially benchmarking catalysts such as 20% or 40% Pt/C, for both acidic and alkaline HER.

1.2 Aims of the thesis
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Although precious metal-free electrocatalysts have been broadly explored over the past decades, their unsatisfactory HER performance still cannot meet the demand of industrial application. In this regard, precious metals are always the priority when designing advanced electrocatalysts. Notably, the cost of precious
metal-based catalyst can be considerably reduced by decreasing the loading amount of metal species without sacrificing the overall catalytic activity. Since the intrinsic activity of metal species could be significantly improved, and/or new interfacial active sites might be introduced by rationally engineering interfacial chemistry. On the other hand, two-dimensional (2D) nanomaterials have been extensively studied.[52]
However, research of 2D material-based heterostructures for energy conversion applications is still in its
infancy. In particular, the favourable physical features such as rich coordination environment and high
surface-to-volume ratio personalize 2D nanomaterials as favourable substrate candidates.[53, 54] To this end,
this thesis aims to develop PGM/2D nanomaterial heterostructures with controllable interfacial coordination structures, and to explore the structure-function/performance relationship of the as-designed electrocatalysts for alkaline HER. Meanwhile, feasible wet-chemical and solid-state synthetic strategies will be
developed to simplify the synthetic procedures for preparing nanocomposite materials. Overall, the thesis
would gain new insight into rational design and synthesis of heterostructures with regulatable heterointerface for efficient alkaline HER. We believe that the concept of manipulating interfacial chemistry extends
the conventional understanding of the merits of heterostructure engineering, and sheds light on the development of low-cost and high-performance electrocatalysts, and beyond. The supposed aims are summarized
as follows:
Objective 1: Developing easy-to-achieve wet-chemical strategies to realize controllable and scalable preparation of precious metal-based heterostructures.
Objective 2: Exploring effective approaches to realize controllable manipulation of interfacial chemistry
at atomic level.
Objective 3: Elucidating the structure-function relationship of the as-designed electrocatalysts and understanding the mechanism behind the interfacial chemistry correlated electrocatalytic activity.
Objective 4: Developing cost-effective and high-performance electrocatalysts for alkaline HER.

1.3 Structure of the thesis
In this thesis, the research background and motivation have been firstly introduced. In the following section,
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a comprehensive literature review in relation to the understanding of alkaline HER and some typical examples of designing high-performance heterostructured electrocatalysts for alkaline HER will be delicately
discussed. Subsequently, two researches with respect to the 2D nanomaterial-supported PGM electrocatalysts for fast alkaline HER kinetics will be demonstrated in detail. Finally, conclusion and outlook are
provided. The structure of the thesis is outlined as follows:
Chapter 1 displays the general introduction of this research, including background, status, aims and structure of this thesis.
Chapter 2 presents a comprehensive literature review in relation to the in-depth understanding of alkaline
HER from fundamentals and theories to heterostructured electrocatalyst design.
Chapter 3 discusses the experimental methods for the synthesis of heterostructured electrocatalysts, and
techniques for evaluating their physicochemical properties and electrochemical performance.
Chapter 4 demonstrates the research of investigating the electronic and synergistic effects of Pt/Ni(HCO3)2
heterostructures for fast HER in alkaline condition.
Chapter 5 exhibits another research of functionalized carbon nanosheet-supported Ru nanoparticles
(Ru/NC) with abundant Ru−N(O)−C moieties for alkaline HER. The work demonstrates the significance
of interfacial chemistry towards fast alkaline HER kinetics.
Chapter 6 presents the conclusion of this thesis, and outlook for the design and development of advanced
electrocatalysts for alkaline HER.
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2.1 Fundamentals of electrocatalytic HER
2.1.1 HER mechanism
Electrocatalytic HER is essentially a two-electron transferred reduction reaction which takes place at the
electrode/electrolyte interface. Thanks to the fast development of computational quantum chemistry and
spectroscopic characterization technologies, studies on the HER mechanism have been well-developed.
Concerning the different pH values of aqueous solutions (given different reactants by acidic and alkaline
electrolytes), HER pathway is typically pH dependent. An acidic HER route involves two elementary steps
(Figure 2.1 (left)).[24, 26] At the beginning, a proton accepts an electron to generate an adsorbed hydrogen
atom (H*) on the catalyst surface (where * denotes an active site on the catalyst surface), which is called
Volmer reaction (Equation 2.1). Subsequently, the reaction undergoes either Heyrovsky step (Equation 2.2)
where a H* combines with a proton and an electron, or Tafel step (Equation 2.3) where two H* incorporate,
to produce a H2. The overall acidic HER is illustrated in Equation 2.4.
Volmer reaction: H+ + e− → H* (120 mV dec-1)

(2.1)

Heyrovsky reaction: H* + H+ + e− → H2 (40 mV dec-1)

(2.2)

Tafel reaction: H* + H* → H2 (30 mV dec-1)

(2.3)

Overall reaction: 2H+ + 2e− → H2

(2.4)

Figure 2.1 Illustration of electrocatalytic HER mechanism in acidic media (left) and alkaline media (right),
respectively. Reproduced with permission.[31] Copyright @ 2019, American Chemical Society.
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On the contrary, the alkaline HER mechanism is more complicated with the query of the source of proton.
Some theoretical investigations suppose that protons are derived from the bulk electrolyte, and the energy
barrier for the protons to transfer from the bulk electrolyte to the electrode surface is account for the sluggish
alkaline HER kinetics.[55] The most widely accepted view is that protons originate from water dissociation
in alkaline solutions, which thus introduces an additional energy barrier for the overall reaction.[56] Consequently, the apparent reaction rate on the most metal catalysts in alkaline media is usually two to three
orders of magnitude lower than that in acidic aqueous solutions.[57, 58] As is the case of acidic HER pathway,
alkaline HER also goes through Volmer-Heyrovsky or Volmer-Tafel route (Figure 2.1 (right)). Unlikely,
the Volmer step in alkaline media begins with the dissociation of adsorbed H2O to produce H+, only after
which a H* generates via the adsorption of the H+ on an active site activated by an electron (Equation 2.5).
Afterwards, H2 is produced by combining a H* with an H+ released from H2O and an electron, which is
defined as Heyrovsky step (Equation 2.6). Alternatively, H2 can be generated through Tafel step, which is
the same as that in acidic media (Equation 2.3). The overall alkaline HER process can be represented by
Equation 2.7.
Volmer reaction: H2O + e− → H* + OH−

(2.5)

Heyrovsky reaction: H* + H2O + e− → H2 + OH−

(2.6)

Overall reaction: 2H2O + 2e− → H2 + 2OH−

(2.7)

The actual HER pathway and rate-determining step (RDS) on a given catalyst surface can be simply determined by the Tafel slope value extracted from linear sweep voltammetry (LSV) polarization curve, which
has been carefully introduced by Conway and Tilak.[59] For example, it is known that the Tafel slopes for
the Volmer, Heyrovsky and Tafel reactions of HER process are 30, 40 and 120 mV dec-1, respectively.[5961]

Therefore, for commercial Pt/C catalyst with a Tafel slope of approximate 30 mV dec-1 in 0.5 M H2SO4

aqueous solution, HER undergoes Volmer-Tafel pathway and the RDS is Tafel step.[61]

2.1.2 Electrochemical descriptors for HER
2.1.2.1 Overpotential
An electrochemical reaction is essentially the conversion of chemicals realized by electron exchange. Ideally, such reaction takes place at thermodynamically equilibrium potential. In practice, a greater potential
should be applied to overcome the kinetic barriers of the reaction, thus triggering the reaction occurring in
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one direction. The difference between the practically applied potential (E) and the thermodynamically equilibrium potential (Eeq) of an electrocatalytic reaction is defined as overpotential (η), as illustrated in Figure
2.2a.[35] The equilibrium potential of HER (EHER) referenced to a normal hydrogen electrode (NHE) can be
express by Nernst equation in Equation 2.8, showing the relation of EHER to the standard electrode potential
(E°), temperature and activities of the chemical species.[62] In which, E°H+|H2 is the standard hydrogen electrode (SHE, which is declared as 0 V at any temperature),[63] T is the temperature in kelvins, R is the universal gas constant (8.314 J mol-1 K-1), z represents the number of electrons transferred in the half-reaction
(which is 2 for HER), F is the Faraday constant (96485 C mol-1), aH+ is the activity of H+ in aqueous solution, pH is the partial pressure of H2. Under the standard conditions (298 K, unit H2 partial pressure), Equa2

tion 2.8 can be simplified to Equation 2.9. Equation 2.9 can be also regarded as the potential definition for
reversible hydrogen electrode (RHE), a reference electrode connected with the pH value of electrolytes. In
this regard, the Equation 2.9 has been already referenced to RHE.

EHER = E°H+|H2 +

RT
zF

× ln(

a2 +
H

pH

)

(2.8)

2

EHER = -0.059 × pH

(2.9)

The applied E for HER can be expressed as follows:
E = EHER + η = -0.059 × pH + η

(2.10)

To be precise, the origin of overpotential can be attributed to the activation energy of the reaction, the
diffusion of charge carriers and the internal/series resistance (RS) of the measurement system. Among
which, activation energy contributed overpotential is directly associated with the catalyst activity, while the
diffusion and series overpotentials are mostly related to the external water electrolysis system.[11] Therefore,
the activation overpotential should be evaluated with carefulness to better access the catalytic activity of a
given material. Fortunately, rotating the working electrode using a rotating disk electrode (RDE) can effectively minimize the effect of diffusion overpotential. iRS correction can be used to compensate the ohmic
potential drop caused by the external measurement system (Figure 2.2b).[35] Therefore, the ultimate potential can be corrected following Equation 2.11.
E = EHER + η - iRS

(2.11)

Commonly, η at the current density (j) of 10 mA cm-2 (η10) is selected as a benchmark for reporting the
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apparent activity of the catalysts, and the calculation of j is based on the geometric area of the electrode
(Figure 2.2b). Because in solar water splitting, the potential at 10 mA cm-2 is a common figure of merit
corresponding to a solar-to-hydrogen efficiency of 12.3%, which is on the order of the eﬃciency that is
required for cost-competitive photoelectrochemical water splitting devices.[64, 65] Apparently, a lower η
value implies faster reaction kinetics. However, η10 calculated based on the geometric area of electrode
cannot represent the intrinsic activity of the catalyst, because the actual surface area of the catalyst which
is accessible to the electrolyte varies a lot among different catalysts. Besides, the catalyst loading on the
disk electrode could be also distinct from diverse literatures. As a result, standard method for measuring
the apparent HER activity should be unified among the electrochemical community. For example, the catalyst loading amount based on the geometric area of electrode should be unified. Moreover, the intrinsic
activities of electrocatalysts should be further examined.

2.1.2.2 Tafel slope & exchange current density
Tafel plots are usually employed to estimate the Tafel slope and exchange current density. As depicted by
Equation 2.12, the Tafel plot can be acquired by plotting η as a function of logarithm of j.[35] Tafel slope is
obtained from the linear part of the Tafel plot (Figure 2.2c). Besides the thermodynamic overpotential, the
reaction kinetics on a catalyst surface can be estimated from Tafel slope. Note that extracting Tafel slopes
over a narrow low-potential range can result in very low values, which may be comparable to that of benchmarking Pt/C catalysts. To avoid mass-transfer interference and provide reliable data, it is recommended
that Tafel slopes be reported over a wider potential range up to 150 mV.
η = b·log( j/j0 )

(2.12)

Exchange current density (j0) is one of the key parameters that reflects the intrinsic activity of the electrocatalyst under reversible condition. The j0 is defined as the current density in one direction at E° of a reaction.[62] The term j0, however, is only meaningful when determined on the basis of electrochemically active
surface area (ECSA). Specifically, by applying extrapolation method to the Tafel plots, exchange current
density on the basis of geometric surface area (j0, geo) of working electrode can be extracted at the overpotential of zero (Figure 2.2c). Further normalization of j0, geo to ECSA should be carried out to acquire specific
exchange current density (j0, S). Obviously, a highly active catalyst should have a low Tafel slope and a high
exchange current density.
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Figure 2.2 a) An energetics diagram of HER process. b) LSV curves on different electrocatalysts illustrating iR correction (I’ and I) and overpotentials indication (I, II and III). c) Illustration of Tafel plots for
different electrocatalysts with Tafel slopes and exchange current densities indication. Reproduced with permission.[35] Copyright @ 2018, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.

2.1.2.3 ECSA
Nanoengineering can substantially increase the specific surface area (SSA) of materials, leading to the considerable difference between the SSA of a nanomaterial and the geometric area of a flat electrode.[66] ECSA,
which represents the actual area of an electrode material that is accessible to the electrolyte, is therefore
recognized as a more scientific parameter when reporting the specific surface aera of an electrocatalyst
towards a electrocatalytic reaction. There are two types of electrochemical methods to quantify ECSA.
Non-Faradaic double-layer capacitance (CDL) method is one of the most commonly used strategies to evaluate ECSA.[67-69] When cycling the working electrode in the non-Faradaic regions (the potential range where
no charge-transfer but absorption and desorption occur) at different scan rate (ν), the variation of capacitive
current (iC) should scale linearly with ν, therefore the slope indicates the electrical double-layer capacitance
(Equation 2.13). ECSA is estimated by normalizing the CDL value to the specific capacitance (CS) of the
relevant material which is usually acquired from literatures (Equation 2.14). However, the calculation of
ECSA from the double-layer capacitance remains a challenge. For examples, it is always difficult to obtain
an accurate CS value for a given material, because the CS acquired from different literatures are always
arbitrary, and the values extracted from different literatures even vary for the same material. Also, the CDL
value of the catalysts supported on non-active carbonaceous materials could be overestimated, because
carbon-based materials are believed to contribute significantly to the capacitive current.[70]
CDL =

iC

(2.13)

ν
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ECSA = CDL /CS

(2.14)

Alternatively, the Coulombic charge of a surface redox reaction can be used to estimate ECSA of metalbased catalysts, which can be realized by hydrogen underpotential deposition (H-UPD),[71] CO stripping,[71]
and/or metal underpotential deposition (e.g., Cu-UPD[72, 73]) methods. For materials that cannot be measured
by surface redox reaction method, other methods such as morphological characterization by electron microscopy (e.g., SEM, TEM/STEM) and surface area measurement technique by Brunauer-Emmett-Teller
(BET) can be substitutions. In brief, it is crucial to figure out a most appropriate strategy for the estimation
of ECSA towards a nanocomposite electrocatalyst, which is the basis of reporting the electrochemical results accurately and scientifically.

2.1.2.4 Turnover frequency
The ideal way to compare the intrinsic activities of various catalysts is using turnover frequency (TOF),
which is independent of ECSA. As shown in Equation 2.15, TOF is defined as the number of the generated
product per active site in unit time (e.g., 1 s).[74] For HER, assuming that the cathodic current is entirely
contributed to generate H2 (Faradaic efficiency is 100%), the theoretical number of generated H2 can be
calculated from the charge flowing through the circuit, which is illustrated in Equation 2.16. In which, I is
current (A), t is a period of time (s). Consequently, the calculation of TOF value can be guided by Equation
2.17, where NA is the Avogadro number (6.022×1023). It uncovers that accurate calculation of TOF largely
relies on the scientific determination of the number of active sites. For metal-based electrocatalysts, various
approaches including H-UPD, CO-stripping, Cu-UPD and non-Faradaic double-layer capacitance methods
can be used to estimate number of active sites, which has been introduced in Section 2.1.2.3. To be noticed,
TOF is overpotential dependent as indicated by Equation 2.17. Therefore, plotting TOF as a function of η
should become standard practice for reporting the intrinsic activities of the electrocatalysts.
TOF =

nproduct

nproduct =
TOF =

(2.15)

nactive sites ×unit time

It

(2.16)

zF

(2.17)

2nactive sites F

2.1.2.5 Charge transfer resistance
Investigation of charge-transfer properties is a routine for examining the electrochemical performance of
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electrocatalysts. By conducting EIS within a reasonable frequency range, the internal/series resistance (RS)
and charge-transfer resistance (RCT) can be acquired from the Nyquist plot. RS can be used to compensate
the potential drop caused by the series resistance of the overall circuit, and RCT is associated with the charge
transfer process at the interface between the electrode and electrolyte. A smaller RCT value indicates a faster
reaction kinetics, hence a smaller η. RCT can be estimated from the linear regime of the polarization curve,
where the current is not limited by the mass-transfer resistance. In such linear region, RCT at low η can be
estimated by Equation 2.18,[75] where i0 represents the exchange current (A). From this equation, the j0 can
be calculated when the RCT value is known.
RCT =

RT

(2.18)

zF

2.1.2.6 Stability
Stability or durability is another key parameter to examine the electrochemical performance of catalysts in
view of practical application, as any commercial system is expected to operate for thousands of hours with
negligible changes of activity. Generally, stability evaluation can be realized by two electrochemical methods, cyclic voltammetry (CV) and chronoamperometry (CA)/chronopotentiometry (CP). LVS technique is
usually combined with CV to perform the stability assessment. Normally, the activities obtained from the
LSV polarization curves performed before and after long-term CV cycling (e.g., 10000 cycles) are compared. If the overpotential increasement is less than 10%, it indicates that the catalyst sustains good durability. The CA technique is carried out by recording the change of current densities at a given potential over
a certain duration, while CP is performed reversely.

2.2.3 Thermodynamic descriptors for HER
The Gibbs free energy change of H adsorption (ΔGH*) is to date the only universal activity descriptor for
HER from the thermodynamic point of view. It was initially proposed by Nørskov et al. to represent the
energetic states of adsorbed H during HER process,[25] which has become a key activity descriptor for HER
in both acidic and alkaline media. This makes sense because no matter what the reaction route is, the adsorbed H is always one of the intermediates. Recent development of computational quantum chemistry
provides reasonable methods to obtain ΔGH* by density functional theory (DFT) calculations. By modeling
the possible intermediates formed on the catalyst surface during HER process (proton adsorption-reductiondesorption), ΔGH* can be calculated following Equation 2.19.[25]
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∆GH* = ∆EH* + ∆EZPE - T∆S

(2.19)

where the H adsorption energy change (ΔEH*) can be calculated by taking the gas phase H2 as a reference
state (Equation 2.20). The zero-point energy change (ΔEZPE) for H* and gas phase H2 could derive from
vibrational frequency calculation (Equation 2.21), where νi are the computed vibrational frequencies. The
entropy change (ΔS) can be calculated according to Equation 2.22, where Strans, Svib, Srot, and Sel is translational, vibrational, rotational and electronic entropy, respectively, which can be derived from frequency
calculations.[76]
∆EH* = Esurface+H* + Esurface + 1/2EH2

(2.20)

∆EZPE = 1/2∑hνi

(2.21)

∆S = Strans + Svib + Srot + Sel

(2.22)

2.2 Theories of electrocatalytic HER
2.2.1 Correlating HER kinetics and energetics
As indicated by Equation 2.1, 2.2 and 2.3, chemisorption and desorption of H on the catalyst surface are
competitive steps. This has been explained by Sabatier principle that a good HER catalyst should bind the
H intermediate neither too strong to ensure the easy break of metal−hydrogen (M−H) bond and H2 release,
nor too weak for expediting the proton-electron-transfer process. However, due to the lack of experimental
techniques for directly acquiring the M−H bonding energy data, it is difficult to establish a relationship
between the reaction rate and the energetic descriptor of H* for HER. By plotting the reaction rate as a
function of the heat of the hydrogen adsorption (or M−H bond strength) on various metals, Trasatti developed the very first volcano like curve for HER (Figure 2.3a).[77] Turning into the 21th century, Nørskov et
al. proposed ΔGH* as a descriptor to evaluate both H adsorption and H2 desorption energetics on the catalyst
surface.[24, 25] As a result, the first modern volcano plot was established by correlating the experimentally
derived j0 to the theoretically obtained ΔGH* (Figure 2.3b),[25] which intuitively elucidates the dependence
of HER activity on the hydrogen binding energy (HBE). Thanks to the rapid development of modern computational quantum chemistry, ΔGH* now can be directly acquired by rationally modeling the possible intermediates formed on the catalyst surface through DFT calculations. According to Sabatier principle, the
ideal condition of an electrochemical reaction taking place is at the thermoneutral state (ΔGH*=0). The
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volcano plot perfectly explains the origin of high HER activity of Pt, which sits near the top of volcano plot
with the highest j0 and an optimal ΔGH* value closest to 0. Since then, the importance of combining theories
and experiments for engineering high-performance catalysts has been considerably evidenced. For example, the edge sites of MoS2 were predicted to have high HER activity because of a desired ΔGH* value close
to 0,[78] which was then validated by experiment (Figure 2.3c).[79] Afterwards, significant successes have
been achieved in relation to the engineering of more edge sites for MoS2.[61, 80] This example highlights the
importance of combining theories and experiments for engineering high-performance catalysts. Inspired by
the volcano plots established in acidic solutions, Yan et al. connected the alkaline HER rates of several
monometallic surfaces with computed HBE, similar activity trend was observed, with Pt exhibiting the
highest alkaline HER activity (Figure 2.3d).[81] This work suggests that the HBE, to a certain extent, can be
used as a key activity descriptor for alkaline HER.

Figure 2.3 Volcano plots for HER. a) Exchange currents plotted as a function of intermediate metal-hydrogen bond strength formed during electrochemical reaction itself. Reproduced with permission.[77] Copy-
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right@1972, Elsevier, Inc. b) Experimentally measured exchange current for hydrogen evolution over different metal surfaces (the solid circles are polycrystalline, and the hollow circles are (111) surface) plotted
as a function of the calculated hydrogen chemisorption energy per atom, ΔEH (top axis). The result of the
simple kinetic model plotted as function of the free energy for hydrogen adsorption (bottom axis). Reproduced with permission.[25] Copyright @ 2005, IOP Publishing, Ltd. c) Volcano plots of i0 as a function of
the ΔGH* for various catalysts. Reproduced with permission.[45] Copyright @ 2014, Springer Nature. d)
Exchange current densities, log(i0), on monometallic surfaces plotted as a function of the calculated HBE.
Reproduced with permission.[81] Copyright @ 2013, Royal Society of Chemistry.
Although the volcano plots indicate insight into the activity trend of a class of catalyst materials, there are
additional factors that are not taken into consideration, such as the difference of kinetic barriers from one
class of materials to the others for a given reaction. That is why MoS2 is found to have an optimum ΔGH*
value but much lower j0 than those of precious metals (Figure 2.3c). Moreover, it is also observed that the
kinetic barriers are pH dependent at a given potential.[82] Despite these factors involved in practical reactions
may significantly impact the overall reaction kinetics, Markovic et al. noted that the volcano curve does not
shift left or right, but rather up and down, revealing that the energetic descriptor still serves its purpose of
identifying the chemisorption characteristics of HER catalysts.[26] However, a deeper understanding of these
effects requires more efficient methods to quantify them by appropriately modeling reaction intermediates,
particularly for the alkaline HER pathways.

2.2.2 Controversies on alkaline HER
It is known that the alkaline HER rate is generally two to three orders of magnitude lower than that in acidic
media for a wide range of catalysts. For example, platinum sits very near the top of volcano plot, requiring
negligible overpotential to reach high HER activity in acidic solutions. However, the j0 of single crystal Pt
is only 0.01 mA cm-2 in alkaline solution, whereas 0.21 mA cm-2 in acidic solution.[27] Such difference in
the apparent reaction rate is largely ascribed to the distinction of thermodynamic states of reactive intermediates and the kinetic barriers of the reactions. Despite the justified alkaline HER mechanism, theoretical
studies on alkaline HER kinetics and energetics remain a laggard, with many debates still inconclusive
among the computational chemistry and electrochemistry society. These disputes mainly focus on the following three points: i) whether ΔGH* is the sole activity descriptor for alkaline HER; ii) whether the water
dissociation step govern the overall reaction rate; iii) why the HER activity is pH dependent for a variety
of catalysts. These pendent issues have considerably inhibited the development of universal electrocatalyst
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design principles for alkaline HER.
Many experimental and theoretical studies have demonstrated that the HER activities, for a broad range of
catalysts including single crystal and polycrystalline metals, are pH dependent.[55, 83-86] Standpoints explaining the pH-dependent nature of these HER electrocatalysts vary a lot. Yan’s group investigated the relationship between HER activity and experimentally measured HBE on polycrystalline Pt (Pt(pc)) surface in
a wide pH range, discovering the pH-dependence of HBE lies in the pH-dependent nature of HER kinetics.
As demonstrated by the HER polarization curves of Pt(pc) in selected buffer electrolytes (Figure 2.4a), the
HER activity decreases with increasing solution pH value. Besides, the pH-dependent shift of the CV peaks
in the underpotentially deposited hydrogen (Hupd) region (0.05–0.35 V vs. RHE) on the Pt surface is the
evidence of the pH-dependent character of HBE (Figure 2.4b). Consequently, a linear relationship between
HER activity and HBE was extracted in all pH ranged electrolytes, showing HER activity monotonically
decreases with HBE becoming stronger (Figure 2.4c).[84] The result strongly supports the previous discovery that HBE can be used as a sole activity descriptor for alkaline HER.[83] They also proposed that the OH−
species in the solution phase affect the overall reaction rate more likely through tuning the H binding
strength, rather than adsorbing on the catalyst surface for competing active sites with H. Then the same
group extended this methodology to the other PGM catalysts including Pt, Ir, Rd and Rh, similar result was
concluded. In which, HBE was still recognized as the dominant descriptor for HER in all pH range, while
the pH-dependence of HBE seems metal independent, as demonstrated by the negatively linear correlation
between the j0 and experimentally obtained adsorption/desorption peak potential (Epeak, which directly reflects the HBE of Pt as in ‒FEpeak = ∆H) for these PGM catalysts (Figure 2.4d).[86] Moreover, they suggested
that different orientation of H2O adsorbed on the catalyst surface in different pH electrolytes may also
influence the HBE, which needs to be further clarified.
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Figure 2.4 a) HER polarization curves collected in H2-saturated buffered electrolytes. b) CV curves of
Pt(pc) electrodes collected in N2-saturated electrolytes. c) Overpotential of HER as a function of HBE. ac) Reproduced with permission.[84] Copyright @ 2015, Springer Nature. d) Correlation between the i0 of
HER and Hupd desorption peak potential of Pt/C, Ir/C, Pd/C and Rh/C. Reproduced with permission.[86]
Copyright @ 2016, AAAS. e) CVs for Pt(111) at various pH. f) Inverse of the Rct as a function of the pH
value, showing that the rate of Hupd formation becomes slower with increasing pH value. e, f) Reproduced
with permission.[85] Copyright @ 2017, Springer Nature.
On the contrary, Koper et al. proposed a different model for explaining the sluggish alkaline kinetics on the
Pt(111) surface.[85] As displayed in Figure 2.4e, even though the CV curves of Pt(111) in the Hupd region
are very similar in alkaline and acidic conditions, the distinct CV plots in the overpotentially deposited
hydrogen (Hopd) region (E < 0 V) witnesses the reduction of HER kinetics and Hopd formation rate with
increasing pH. Moreover, the charge transfer resistance increases with the electrolyte pH (Figure 2.4f),
suggesting the adsorption rate of Hupd is also slowed down. However, it is difficult to explain the significant
pH-dependent nature of HER kinetics on Pt(111) from thermodynamic point of view, because the driving
force for Hupd adsorption (∆HHupd, the change of the apparent heat (enthalpy) for Hupd adsorption on catalyst)
on Pt(111) is the same in alkaline and acidic media.[58, 87] They explained these observations by proposing
a model that underlines the role of the reorganization of interfacial water to accommodate the charge transfer through the electric double layer, which affects the hydrogen adsorption rate (or the rate of proton transfer through the electric double layer) by influencing the energetic barrier associated with the reorganization
of interfacial water during charge transfer process. Furthermore, Koper’s group argued that the Hupd peaks
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on the surfaces of polycrystalline and stepped single crystal Pt are not only associated with H adsorption
energy, but also related to the adsorption behaviors of oxygenated species.[88-90] This hypothesis is also in
line with studies carried out by Markovic et al., where they suggested that the adsorbed hydroxyl (OH*)
species may also have impact on the overall reaction kinetics by competing active sites with H* (blocking
effect), and/or altering the H binding strength (energetic effect).[58] They also discovered that the isosteric
heat of OH adsorption on the surface of Pt(111) is pH independent.[87] As a result, Markovic et al. proposed
that the overall alkaline HER kinetics is governed by the water dissociation energy barrier, as the rate of
this proton producing process is pH dependent. This hypothesis is in agreement with the experimentally
measured Tafel slope of 116 mV dec-1 on the Pt(111) surface,[85] with the Volmer reaction (water dissociation step) is determined as RDS for alkaline HER process.[83, 85] Recently, Shao et al. applied an in situ
surface-enhanced infrared absorption spectroscopy (SEIRAS) with the attenuated total reflection (ATR)
method to directly investigate the pH effects on both HBE and the structure of interfacial water on Pt surface.[91] Impressively, for the first time, they have successfully monitored the changes of HBE and water
binding energy quantitatively, showing that the pH-dependent nature of HBE is a synergistic consequence
from the altered electric field, H* coverage, Pt−H2O and H−H2O interactions. In addition, the weakened
interaction between water molecules and Pt surfaces at higher pH that regards the charge transfer rate is
another reason for the lowered HER kinetics in alkaline media, which is in line with the interfacial water
reorganization model-based study carried out by Koper et al.[85]

2.2.3 Gibbs free energy diagram
In general, a potential way to investigate insight into the mechanism of an electrochemical reaction is experimentally monitoring reactive intermediates formed on the catalyst surface during reaction. However, it
is almost impossible to in situ detect these adsorbed intermediates due to their extremely short lifetime.
Alternatively, theoretical DFT calculations can provide more information of an electrochemical process at
microscopic level. The Gibbs free energy diagram calculated by DFT method, which contains a series of
thermodynamic states and potential reaction barriers between two thermodynamic reaction steps, offers an
intuitive description of an electrochemical reaction pathway in detail. However, owning to the complexity
of practical reaction conditions involving solvation effect, the difference of applied potentials and/or electrochemical double layer effect,[92] calculating explicit free energy diagram could be rather complicated. In
addition to the basic free energy level of each elementary step, the possible reaction barriers should be
carefully calculated. The reaction barrier towards Tafel step at equilibrium potential (U0) or under a given
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η can be easily achieved by including ‒ne×η for each step, where n is the number of electrons carried by
the catalyst surface, η is the overpotential of the working electrode. Unfortunately, due to the unbalanced
electron numbers carried by the corresponding initial and final states, the traditional DFT method is not
applicable to calculate energy barriers for Volmer and Heyrovsky steps. To address these issues, Nørskov
et al. developed a two-step extrapolation method to estimate reaction barriers under different potentials.[24,
93]

As a result, standard HER free energy diagrams for both Volmer–Heyrovsky (Figure 2.5a) and Volmer–

Tafel (Figure 2.5b) pathways have been successfully depicted, which serve as standard models of acidic
HER mechanism from a theoretical viewpoint.

Figure 2.5 a, b) Standard acidic HER free energy diagram of Volmer–Heyrovsky route (a) and Volmer–
Heyrovsky route (b) on Pt(111) surface. a, b) Reproduced with permission.[24] Copyright @ 2010, American
Chemical Society. c) Gibbs free energy diagram of HER on diﬀerent metal surfaces including reactant
initial state, intermediate state, ﬁnal state and an additional transition state representing water dissociation.
ΔGH* denotes hydrogen adsorption free energy and ΔGB denotes water dissociation free energy barrier.
Reproduced with permission.[30] Copyright @ 2016, American Chemical Society.
The ΔGH* has been recognized as the sole energetic descriptor for acidic HER, whereas in alkaline media,
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the activation energy of water dissociation process should also be taken into account.[30] As shown in Figure
2.5c, Pt(111) surface has an optimal ΔGH* value which is close to 0, whereas possesses higher water dissociation energy barrier than that of Ru(0001) surface in 0.1 M KOH. The high energy barrier of water dissociation on Pt(111) surface is believed to be responsible for the sluggish apparent HER kinetics. In the
case of Ru(0001) surface, despite the lower activation energy required for the water dissociation step, the
strong H binding strength (ΔGH* < 0) is apparently not beneficial for the release of H2. These observations
can be explained by Brønsted–Evans–Polanyi (BEP) relationship, which demostrates linear relationship
between the activation energy and the enthalpy of a reaction.[94] The BEP relationship elucidates that the
strong H/OH adsorption capability is essential for a low water dissociation energy barrier. In this regard,
the apparent HER kinetics in alkaline solutions is supposed to be dominated by the H biding energy and
water dissociation energy barrier. Nevertheless, quantitative interpretation of the contribution from each
supposed factor that may affect the alkaline HER kinetics has not been realized. To this end, the debates on
alkaline HER mechanism are still inconclusive.

2.2.4 The d-band theory
Computational chemistry based on DFT calculations has demonstrated the adsorption/desorption behaviors
of the reactive intermediates are closely related to the inherent electronic structures of the catalyst surfaces.
This is because DFT calculations probe the chemisorption energies and activation barriers referencing to
the d-band center (εd, defined as the central position of d-orbital) of metal catalysts. Thus, by means of
powerful DFT calculations, the d-band theory was established by quantitatively correlating the d-band center (referenced to the Fermi level) with the adsorption energetics of reactive adsorbates for directing metal
surface design. For HER, Nørskov et al. developed the d-band center theory by taking the surface reactivity
state of adsorbed H itself into account.[95] Specifically, when H is adsorbed on a transition metal surface,
the electrons from the metal d-band contributed mostly to the formation of M–H bond (Figure 2.6a).[95]
Another study has demonstrated that the interaction of the H* orbital with the metal d-orbital will result in
a fully filled bonding state (σ, low energy), and an empty or partially filled antibonding state (σ*, high
energy). On this basis, the M−H binding strength is correlated to the σ* occupancy, a lower σ* occupancy
corresponds to a stronger bonding strength.[96] As a result, Ni(111) and Pt(111) were computed to have
unfilled σ* states, thereby showing a strong hydrogen adsorption strength (ΔGH* < 0); whereas the energies
of the σ* for Au(111) and Cu(111) are below Fermi energy (filled), corresponding to weaker hydrogen
adsorption strength (ΔGH* > 0) (Figure 2.6b). Hence, by computing the local d-band state of a metal surface,
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its H adsorption capability can be qualitatively predicted. Basically, if the εd value is closer to the Fermi
level, the σ* level is higher (reduced σ* occupancy), implying a stronger H adsorption strength. In another
different model, Santos et al. explored the impact of d-band position on the bond breaking energy barrier
and electron transfer process for HER, proposing that the d-orbital position and occupancy affect more
bond-breaking saddle point than H adsorption state.[97] Based on this assumption, they concluded that when
d-band center is at the Fermi level, the activation barrier for bond breaking is the lowest.

Figure 2.6 a) Schematic illustration of the formation of a chemical bond between an adsorbate valence
level and the s and d states of a transition metal surface. Reproduced with permission.[95] Copyright @ 2005,
Springer Nature. b) The projected DOS for atomic hydrogen chemisorbed on the (111) face of several
metals. Dashed lines show the surface DOS of clean metals. Reproduced with permission.[96] Copyright @
1995, Springer Nature. c) Relationship between specific bands and the hydrogen binding strength for elemental metals. Reproduced with permission.[98] Copyright @ 2015, The Royal Society of Chemistry. d)
Adsorption energies for H2O, OH, H and O on Ru, Rh, Ir, Pd, Pt, Ag and Au (left), and the energy balance
for water dissociation on clean surfaces of a range of pure Pt-group metals (right). Reproduced with permission.[99] Copyright @ 2006, American Physical Society.
Although volcano plots provide a picture of activity trend of a broad range of catalysts, they do not have
predictive ability to guide us hunting new catalysts with high activity. While the d-band model has great
capability to forecast the trend of the adsorption energies of reactive intermediates on various catalysts.[98,
100, 101]

Taking H adsorption energy on the catalyst surface as an example, the linear relationship between
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ΔGH* and εd on various elemental metals indicates that the decreasing d-band center position corresponds
to the destabilization of the M–H interaction or the weaker H adsorption strength (Figure 2.6c).[98] In the
circumstance of alkaline HER process, the microscopic picture of H2O and OH* should not be overlooked.
In a typical example, Karlberg investigated the adsorption behaviors of these species on seven PGM surface
using DFT calculations.[99] Specifically, Ru exhibits the strongest interaction (largest adsorption energies)
with H2O, OH and H, while Au shows the weakest adsorption strength for all the adsorbates. Moreover, the
highest value of ΔE3 (ΔE3 = E(H2O) − E(H*) − E(OH*) ) for Ru, further confirm the highest water dissociation ability of pure Ru surface (Figure 2.6d (right)). The results unravel that Ru maintains good water
dissociation ability whereas the strongly adsorbed OH species may block the active sites. Pt has the optimum H adsorption energy, whereas the poor water adsorption/dissociation ability hampers its overall reaction rate. Through combining electrochemical measurements and DFT calculations, Qiao et al. reached
similar conclusion with respect to the distinct alkaline HER activities on Pt(111) and Ru(0001) surfaces,
which has been discussed above.[30] These examples demonstrate from both experimental and theoretical
perspectives that balancing water dissociation ability and H/OH adsorption strength is crucial for designing
advanced electrocatalysts for alkaline HER. As a matter of fact, the d-band theory can serve as a powerful
protocol for insightfully illustrating how the intrinsic electronic structures, especially the d-orbital levels of
transition metals, could influence the adsorbate binding energy on a given catalyst surface. In this regard,
the importance of theoretical DFT studies for hunting potential catalysts should be underlined, modern
research for designing new electrocatalysts guided by the combination of theories and experiments is particularly recommended.

2.3 Combining theories and experiments for designing PGM-based heterostructures
Given that volcano plot is the theoretical guideline, climbing the volcano curve to achieve a maximum j0
and an optimal ∆GH* value close to zero is the goal of designing highly active catalysts. Practically, strategies of designing highly active catalysts aim two aspects: i) increase the number of active sites on a given
catalyst; ii) improve the intrinsic activity of each active sites. The two strategies are not mutually exclusive
but can be realized simultaneously, thereby leading to the maximum enhancement of catalytic activity.
Heterostructures, consisting of at least two distinctive components which are usually connected by interfacial bonding, are profound scenarios for developing high-performance electrocatalysts for alkaline HER.
23

Chapter 2 Literature Review
Notably, the most prominent feature of heterostructure is the sudden change of chemical compositions and
crystal structures within the interface, which is closely associated with the major merits of heterostructures
including confinement effect, bonding effect, strain effect, electronic effect and synergistic effect. These
unique interfacial features bring about multiple opportunities to develop advanced electrocatalysts. Here in
this section, the design strategies of precious metal-based heterostructures for promoting alkaline HER kinetics by combing theories and experiments will be carefully discussed using typical examples, and the
critical role of interfacial chemistry for regulating the intrinsic HER activity will be particularly highlighted.

2.3.1 Heterostructure design principles for alkaline HER
For alkaline HER, the BEP relationship has suggested that a low activation energy for water dissociation
requires strong enough H/OH binding strength on the catalyst surface, whereas the strong adsorption of
H/OH prohibits product desorption.[94] Therefore, from the thermodynamic perspective, the key point of
designing high-performance HER catalysts in alkaline media is to delicately balance the following three
parameters: i) the energy barrier to be overcome for proceeding the water dissociation step; ii) the ∆GH*
value; iii) the blocking effect caused by the OH*. That is, if a catalyst possesses favorable water dissociation
capability, then measures should be devoted to tuning the H/OH binding energy (neither too strong nor too
weak). With a moderate H/OH binding energy, the release of H2 and OH* will be easier. Conversely, for a
catalyst with poor oxopholicity, reducing the activation energy of water dissociation step is thus the main
concern for catalyst design.
Heterostructure is a model catalyst configuration to implement the aforementioned theories into practical
alkaline HER electrocatalysts design. Taking functional nanomaterial-supported metal structure as an example, the design process can be divided into two steps. The first step is screening appropriate components
for combination. Considering HER active catalysts, PGMs (e.g., Pt and Ru) and PGM-free catalysts such
TMDs (e.g., MoS2) and TMPs (e.g., CoP) are favorable candidates. However, the single active component
usually cannot achieve full utilization of the active sites, mainly due to the unfavorable electronic structure
of catalyst surface for reactants/intermediates to adsorb/desorb, and/or rapid decay of catalytic activity because of the aggregation of active materials during long-term reaction. As such, hunting appropriate support
materials is also of great importance. The ever-growing 2D materials are preferred owning to the abundant
coordination sites and high SSA. Nevertheless, many principles need to be complied when screening substrate materials. On the one hand, the physicochemical properties of support materials such as electrical
conductivity, wettability, electrochemical stability, corrosion resistance and mechanical properties should
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be carefully assessed. On the other hand, the potential electronic interaction between the components, which
is largely associated with the elemental electronegativity and the work function of the individual component, should be deliberately considered. After selecting appropriate components for combination, engineering heterointerface by regulating the atomic interface structure is another task. As above-mentioned, the
most important merits of heterostructures including confinement effect, interfacial bonding, electronic and
synergistic effects are all derived from the well-regulated heterointerface. Therefore, manipulating their
interfacial chemistry (e.g., coordination number, electronic structure) is vital for achieving highly catalytic
activity. For a typical example, the high activity of Ni(OH)2-supported Pt heterostructures towards alkaline
HER as previously reported can be assigned to the following reasons: i) the high oxophilicity of Ni(OH)2,
which facilitates water adsorption and desorption, thus enabling fast proton supply; ii) an optimum ∆GH*
value on the Pt active sites attributing to the electronic effect; iii) the confinement effect and the strong
coupling between Pt and Ni(OH)2, which ensure the maximum exposure of Pt active site even after longterm reaction.[102-104] It is worth mentioning that the morphologies of heterostructures are not limited to 2Dbased structures, other morphologies such as core-shell structure, three-dimensional (3D) sandwiched structure, one dimensional (1D) nanotubes structures are also of great attraction. Furthermore, the cost and sustainability of raw materials, the performance stability and the possibility of scale-up preparation of heterostructures for large-scale device applications should be also taken into consideration when designing highperformance electrocatalysts.

2.3.2 Alloys with well-defined metal-metal interface
Designing shape/composition/interface-controlled alloys is a popular strategy to enhance HER activity.[105113]

Specifically, alloying PGMs with the other cheaper transition metals can also improve the utilization

efficiency of precious metals, thus reducing the overall cost. A typical example is the successful engineering
of shape-controlled Ni-rich Pt−Ni alloy nano-multipods in the hcp face.[112] In virtue of the unique crystal
structure and excavated polyhedral morphology, the highly branched Pt−Ni multipods exhibit superior alkaline HER activity than the fcc counterpart and commercial Pt/C. A hexapod-like ternary PtNiCo alloy
synthesized via a simple rout also presented higher HOR/HER activity than commercial Pt in alkaline conditions.[110] For alkaline HER, the secondary/ternary metal can not only modify the electronic structures and
hence altering the adsorption energetics of reactive intermediates on the catalyst surface/interface, but also
facilitate water dissociation process at the bimetallic interface by introducing a synergistic effect. The most
intensively studied alloys for alkaline HER are Pt−Ni and Pt−Ru bimetallic systems, since Ni and Ru have
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been claimed possessing excellent water dissociation capability and/or strong OH binding ability.[82, 105, 112,
114-117]

At first, it is claimed that the improved alkaline HER/HOR activity of PtRu alloy is ascribed to the

higher oxophilicity of Ru, which strongly binds the OH species and thus ensuring the Pt active sites free of
poison.[82] Recent studies with new evidence argued that the main function of Ni atoms in the Pt domain is
to modify the local atomic configuration and electronic structures of the surrounding Pt atoms, thus tailoring
their hydrogen adsorption strength.[111] The work also clarified that the atomic Ni species are not the primary
active sites, but play as a promoter to enhance the activity of the Pt catalyst without significantly blocking
the active sites. In another case where Ru atoms were incorporated into the Cu matrix, the electron modified
Ru atoms were clarified as active sites for both water adsorption/dissociation and H adsorption.[105]

Figure 2.7 a) Scheme illustration of the growth of Pt atoms (red) on a Ni branch (green). b) HRTEM image
of a Pt island on Ni-branched Pt-islands NP (1.9 nm), and c) the atomic arrangement of Ni atoms (green
box) and Pt atoms in the island (orange box), as well as their corresponding FFT patterns. d) Strain-activity
trend, showing the activity enhancement with increasing stain. a-d) Reproduced with permission.[106] Copyright @2019, American Chemical Society. e) Schematic illustration of the synthesis process of Pt−Ni(N)
NWs. f) Ni K-edge XANES spectra, and g) magnitude of k3-weighted FT of Ni K-edge EXAFS for Pt−Ni
and Pt−Ni(N) NWs, with Ni foil and NiO as references. h) The electron density difference slices of Pt−Ni
and Pt−Ni(N), i, j) the top-view and side-view orbitals above the Fermi level for Pt−Ni (i) and Pt−Ni(N)
(j), and k) the surface electrostatic potential maps based on the electron densities for water adsorption on
the Pt−Ni and Pt−Ni(N). l) The relative energy diagram with structural information along the reaction coordinate, including the water dissociation (left) and hydrogen generation (right) steps. R: Reactant, RC:
Reactant Complex, TS: Transition State, IM: Intermediate. m) The PDOS plots with the corresponding
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molecular orbitals of water (red) and surface Ni (black) in H2O−Pt−Ni(N). e-m) Reproduced with permission.[118] Copyright @2019, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
Indeed, introducing a secondary or ternary element into the lattice of a given (bi)metal is an effective way
to modulate its electronic structures at the well-defined metallic interface through two pathways: i) the
ligand effect triggered by the formation of heteroatom bonds, and ii) the strain effect induced by the change
of average metal-metal bond length (changes in d-orbital overlap).[107, 119] In a typical example, Alinezhad
et al. utilized a slow reduction solution strategy to grow Pt islands on the lattice mismatched Ni branches
(Figure 2.7a), enabling the formation of highly strained Pt islands with both Pt and Ni atoms at the interface.[106] As displayed in Figure 2.7b and c, the high-resolution transmission electron microscopy (HRTEM)
image of the 1.9 nm Pt-islands delivers a Pt(111) lattice spacing of 2.14 ± 0.04 Å, with an ∼5.5 ± 0.1%
lattice contraction. While the 2.7 nm Pt-islands presents a Pt(111) lattice spacing of 2.18 ± 0.05 Å with a
smaller compressive strain of ∼3.8 ± 0.1%. As a result, the measured specific activity of Pt-islands for HER
at pH 13 shows a significant enhancement with increasing strain (Figure 2.7d). In sharp contrast to the
Pt−Ru alloy system[82, 115, 120], the Pt-free Cu−Ru alloy system reported by Tan et al. told a different story.[105]
Operando X-ray absorption fine structure (XAFS) characterization in conjunction with DFT calculations
demonstrated that the hybridization of Ru 3d orbital and Cu 3d orbital could effectively modulate the dorbital electrons for both Ru and Cu atoms due to the ligand effect, which not only facilitates H2O adsorption/dissociation on Ru sites, but also optimize the H adsorption behaviors on the Ru sites (the initially
strong H binding energy on the Ru(001) surface was effectively weakened after alloying with Cu). Thus,
the optimized nano-porous Cu53Ru47 alloy exhibited an ultralow Tafel slope of 30 mV dec-1 in 1 M KOH.
Furthermore, rather than varying the metal compositions or shaping structures to engineer ligand effect or
strain effect, Wang et al. developed new strategy to fabricate high-performance Pt−Ni alloy for alkaline
HER.[118] As depicted in Figure 2.7e, nitrogen is incorporated into the Pt−Ni domain by a facial nitridation
method. X-ray photoelectron spectroscopy (XPS) and XAFS characterizations confirm that N is coordinated to Ni rather than Pt. Specifically, N doping induces a slightly positive shift of the pre-edge observed
from the Ni K-edge X-ray absorption near-edge structure (XANES) spectra (Figure 2.7f), indicating electron transfer from Ni to N. Besides, a positive shift of the Pt−Ni peak (red) shown from the Ni K-edge
extended XAFS (EXAFS) spectra suggests that the Pt−Ni bond length increases after N doping (Figure
2.7g). DFT calculations were further conducted to elucidate how N incorporated Pt−Ni alloy expedite alkaline HER kinetics. Evidenced by the remarkably decreased electron density around Ni sites, the surface
27

Chapter 2 Literature Review
electron density analysis visually manifests that strong interaction between the N and Ni exists in Pt−Ni(N)
(Figure 2.7h). The orbital analysis further confirms the nitrogen dopants prefer to form sp3 hybrid orbitals
and interact with the dz2 orbitals of Ni (Figure 2.7i, j). The strong interaction between N and Ni triggers
bonding and antibonding states, where the antibonding state is mainly contributed by the d state shifting up
through the Fermi level as an empty dz2 orbital. As a result, the empty dz2 orbital closer to Fermi level could
offer active sites for water adsorption and activation. Moreover, the surface electrostatic potential maps
illustrate that the charge interaction between H2O and surface Ni sties on Pt−Ni(N) is much stronger than
that on Pt−Ni (Figure 2.7k). Further, the relative free energy diagram of alkaline HER process clearly
demonstrates that the Pt−Ni(N) catalyst has a stronger H2O binding strength (more negative relative energy)
and a lower activation energy (0.89 eV) for water dissociation than those for the Pt–Ni electrode (Figure
2.7l). Finally, the projected density of states (PDOS) redistributions of water and surface Ni sites in the
H2O−Pt−Ni(N) configuration is depicted in Figure 2.7m. The reduction of electrons on the bonding orbitals
and the delocalization of the antibonding unoccupied orbital are favorable for the activation and cleavage
of HO−H bond, thus boosting the water dissociation process. Impressively, this N-induced orbital tuning
approach can be extended to modulate the d-orbital electronic structures of Co and Cu in the Pt−Co and
Pt−Cu alloy systems, thus optimizing their water adsorption and dissociation capability.

2.3.3 Transition metal (hydr)oxide involved PGM heterostructures
As above-discussed, the sluggish alkaline HER kinetics is largely due to the high activation energy required
for the water dissociation step, promoting water dissociation rate is thus a fruitful way to design advanced
electrocatalysts for alkaline HER. On the basis that Pt maintains an optimal HBE but poor water adsorption
and dissociation ability, whereas metal oxides have high oxophilicity but are almost inert for HER, Marković et al. designed the very first bifunctional Pt/Ni(OH)2 heterostructure by loading nanometer-scaled
Ni(OH)2 on Pt electrode.[104] By tailoring the interface between Pt(111) and Ni(OH)2, a significant HER
activity increase was witnessed. As shown in the inset of Figure 2.8c, they proposed that the edges of
Ni(OH)2 expedite water dissociation process with OH adsorbed on Ni(OH)2, while the produced H is subsequently adsorbed on the nearby Pt surface to further produce H2. Moreover, the introduction of Li+ can
further enhance the rate of hydrogen production benefiting from the destabilization effect of Li+ on the
HO−H bond. Marković et al. then extended this bifunctional heterostructure engineering strategy to a wide
range of transition metals and precious metals, confirming the importance of hydr(oxy)oxide species for
promoting water dissociation and tailoring interfacial active sites for alkaline HER (Figure 2.8a).[57] Greeley
28

Chapter 2 Literature Review
et al. further validated this synergistically catalytic process using theoretical method by simulating water
dissociation–hydrogen adsorption processes on the nickel (hydroxy)oxide/Pt(111) model catalyst.[121] Much
recently, Yu et al. studied experimentally and theoretically of the Ni(OH)2/Pt system, giving that β-Ni(OH)2
is a better alkaline HER promoter than α-Ni(OH)2.[122] The faster alkaline HER rate of β-Ni(OH)2 modified
Pt electrode is attributed to the better H2O affinity (more negative H2O adsorption energy) of β-Ni(OH)2
and stronger interaction between Pt and β-Ni(OH)2.
Nevertheless, the precise microscopic imaging of alkaline HER energetics that influence the apparent reaction kinetics is till inconclusive. Therefore, Marković et al. designed a series of heterostructures with distinctive OH adsorption strengths, by modifying the Pt(111) electrode surface with a range of 3d-metal (Ni,
Co, Fe, Mn) hydr(oxy)oxide, to systematically investigate the impact of OH* on the apparent HER rate.[123]
As shown in Figure 2.8b, each heterostructure shows a similar H adsorption ability, but different OH adsorption abilities based on the calculation of charge at the Hupd region and OH adsorption region (0.6−0.95
V vs. RHE). As a result, the apparent HER activity on these heterostructures show monotonically increasing
trend with decreasing OH−M bonding strength (Figure 2.8b and c). That is, Pt(111)/Ni(OH)2 shows the
highest activity due to the weakest Ni2+−OH interaction, whereas Pt(111)/Mn(OH)2 delivers the worst alkaline HER activity because of the strongest OH adsorption strength. Later, Koper et al. proposed a different model for the hydrogen adsorption rate, based on the idea that the barrier for this reaction depends on
how close the electrode potential is related to the potential of zero (free) charge (pzfc), to explain the accelerated alkaline HER kinetics of the Ni(OH)2/Pt system.[85] In their model, Ni(OH)2 facilitates the HER
kinetics by lowering the energy barrier of the reorganization of interfacial water network, thus expediting
proton transfer through the electric double layer. More importantly, their model implies that HBE is not the
sole energetic descriptor for HER, while interfacial water reorganization can also act as a pH-dependent
descriptor for HER. Convinced by the evidence, the key for designing advanced alkaline HER electrocatalysts is supposed to reach a balance between the water dissociation rate and the adsorption/desorption energetics of H*/OH*.
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Figure 2.8 a) Comparison between activities for the HER, expressed as overpotential required at the current
density of 5 mA cm-2 in 0.1 HClO4 and 0.1 M KOH for both bare metal surfaces and Ni(OH)2 modified
surfaces. Reproduced with permission.[57] Copyright @ 2012, WILEY‐VCH Verlag GmbH & Co. KGaA,
Weinheim. b) Comparison of OHad charge as a function of oxophilicity of the metal oxide cation (M) for
same coverages of the M2+δOδ(OH)2−δ on Pt(111). Inset shows the comparison of voltammograms for bare
Pt(111) surfaces with Co2+δOδ(OH)2−δ/Pt(111) surface. c) Trend in overpotential for the alkaline HER as a
function of the 3d transition elements. b, c) Reproduced with permission.[123] Copyright @ 2012, Springer
Nature. d) TEM (upper, scale bar is 100 nm) and HRTEM (lower, scale bar is 5 nm) images of Pt NWs/SLNi(OH)2. e) LSV polarization curves of Pt NWs/SL-Ni(OH)2, Pt NPs/SL-Ni(OH)2, pure Pt NWs and commercial Pt/C (20 wt% Pt) in 1M KOH. d, e) Reproduced with permission.[103] Copyright @ 2015, Springer
Nature. f) LSV curves of 2D-Ni(OH)2, Pt/2D-Ni(OH)2, Pt@2D-Ni(OH)2 (43 wt% of Pt) and commercial
Pt (10 wt% Pt on XC-72 carbon) for HER in 0.1 M KOH (inset is a bright-field TEM of Pt@2D-Ni(OH)2
nanocomposite). g, h) Calculated alkaline HER pathways at the Pt-Ni(OH)2 interface: (g) Direct H recombination which involves a first H2O dissociation and then direct reaction between the generated H* and the
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nearest neighboring H* on Pt to form H2; (h) The H diffusion/recombination pathway in which the H* generated from the first water dissociation diffuses to react with a weakly adsorbed H on Pt. The electrode
potential is 0 V versus RHE. Gray, green, red and while balls represent Pt, Ni, O and H, respectively. The
species involved in the reactions are highlighted in rose (O) and yellow (H). f-h) Reproduced with permission.[102] Copyright @ 2016, Elsevier Ltd.
Instead of decorating transition metal hydroxides (TMHs) nano-species on transition/precious metal domains, researches have also focused on the design of heterostructures with well-controlled morphologies
by confining various PGM nano-species on TMH, layered double hydroxide (LDH) and transition metal
oxides (TMO).[102, 103, 124-128] 2D layered nanosheet materials are preferred due to their high SSA and rich
coordination sites. Tang et al. designed a Pt NWs/SL-Ni(OH)2 heterostructure with 1D Pt nanowires (NWs)
uniformly grown on single-layered Ni(OH)2 nanosheets (Figure 2.8d), they believed that the fully exfoliated
Ni(OH)2 single layer is the key for controlling the growth of ultrathin Pt NWs with diameters lower than 2
nm.[103] Such unique heterostructure not only ensures immobilization of Pt NWs owning to the strong coupling between Pt and Ni(OH)2 nanosheet, but also facilitates charge transfer between two components. As
a result, Pt NWs/SL-Ni(OH)2 exhibits a much higher alkaline HER activity than that of the Pt NPs/SLNi(OH)2 electrode (Figure 2.8e). Jin et al. developed an in situ reduction approach taking the advantage of
the Ni(II)/Ni(III) redox to enable and control the overgrowth of Pt NPs on single-layered Ni(OH)2 nanosheet
(inset of Figure 2.8f).[102] Impressively, the as-prepared Pt@2D-Ni(OH)2 heterostructure presents 87 mV
lower of η at 5 mA cm-2 than that of commercial Pt/C in 0.1 M KOH towards HER, as displayed in Figure
2.8f. They found that the Pt@2D-Ni(OH)2 heterostructure maintains a Pt−O−Ni−OH interfacial structure
at open circuit, which will transfer to Pt−Ni−OH interfacial structure in HER region. The Pt−Ni−OH type
of interface is believed be beneficial for both water dissociation and hydrogen adsorption, resulting in the
enhanced alkaline HER activity. Based on this structural observation and previously proposed reaction rout
on the Ni(OH)2/Pt catalyst,[104] they proposed two alkaline HER pathways in detail through periodic DFT
calculations. As depicted in Figure 8g and h, a water initially dissociates at the Pt−Ni−OH interface to
produce a OH* on Ni site at the edge and a H* on the Pt site which is adjacent to the interface. Subsequently,
the generation of H2 undergoes either through direct H* combination (Figure 8g), or by H diffusion and
combination route (Figure 8h). Interestingly, these two pathways are supposed to run in parallel at the
Pt−Ni−OH interface due to the relatively low anergy barriers as compared to that on pure Pt electrode. This
work underscores the critical role of metal−hydroxide interface in promoting alkaline HER. Additionally,
31

Chapter 2 Literature Review
many heterostructures beyond 2D-based architectures with varied compositions and geometries, such as
3D self-supported heterostructure,[129-131] and core-shell structures,[132] are also intriguing configurations for
synergistically boosting alkaline HER process. We believe that this synergistic concept-based heterostructure design strategy would provide great opportunity for further exploring exceptional properties and applications of heterostructures.

2.3.4 Carbonaceous material-supported PGM heterostructures
Carbonaceous materials (e.g., graphene, graphite and carbon nano tubes (CNTs)) and their derivatives (e.g.,
N-doped graphene and N, B-doped CNTs) are favorable support materials due to the unique features such
as corrosion resistance, high surface-to-volume ratio, tunable electrical conductivity, abundant coordination
sites, cost-effectiveness and scalable producibility.[41, 133-136] In the cases of carbonaceous material-supported metal heterostructures, carbonaceous materials may play a confinement role in uniformly dispersing
active metal species and preventing them from aggregation during reaction via strong interfacial bonding
effect, thus ensuring a maximum exposure of active sites. Besides, the highly conductive carbonaceous
materials enable fast electron/charge transfer across the heterostructures, which is crucial for achieving
highly catalytic activity. Most importantly, the heteroatom dopants in the carbon framework can not only
immobilize the metal species via interfacial bonding, but also induce strong electronic interaction between
different components, thus providing exceptional possibilities for manipulating the adsorption states of reactive intermediates on the active sites. As a result, confining precious metal species on carbonaceous substrates is another effective strategy for fabricating high-performance HER catalysts.[30, 137-153]
Baek’s group has reported many carbonaceous material-supported precious metal heterostructures as efficient electrocatalysts for alkaline HER.[150-153] Remarkably, the Ru-based heterostructure with Ru NPs (~1.6
± 0.5 nm) uniformly confined within the 2D nitrogenated holey carbon framework (Ru@C2N, Figure 2.9a
and b) demonstrated outstanding acidic and alkaline HER performance, especially showing ultrahigh intrinsic HER activity that is superior to previously reported catalysts (Figure 2.9c).[153] DFT calculations
demonstrated that the significantly increased H2O binding energy and much lowered H2O dissociation energy barrier on the near-interface Ru sites ensure rapid proton supply, which accounts for the enhanced
alkaline HER kinetics of the Ru@C2N heterostructure. Based on this result, Sun et al. engineered a similar
heterostructure by anchoring sub-nanometer Ru species (0.5−1 nm) on nitrogen, boron-doped graphene
nanosheets (Ru NCs/BNG). As depicted in Figure 2.9d, the electronic density difference at the interface of
the Ru NCs/BNG heterostructure suggests that electron transfer from Ru sites (red region represents energy
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loss) to B atoms (blue region represents electron accumulation), which is in line with XPS analysis. The
electron redistribution over the interface enables electron-deficient Ru sites more favorable for the nucleophilic attack from H2O, thus facilitating the water dissociation step of alkaline HER. The energies of alkaline HER pathways on the Ru NCs/BNG and Pt/C electrodes were also computed by DFT calculations
(Figure 2.9e). It clearly shows that the activation energy required for the Ru NCs/BNG heterostructure
(Volmer-Tafel route) to produce reactive intermediates is much lower than that for the surface of Pt/C
catalyst (Vomer-Heyrovsky route), this is why the alkaline reaction rate on the Ru NCs/BNC electrode is
much faster.
Beak et al. also reported a low-cost and mass producible electrocatalyst where Ru NPs (~ 2 nm) uniformly
anchored on edge-carboxylic-acid functionalized graphene nanoplatelets (CGnP) matrix (Ru@CGnP, Figure 2.9f), the catalyst exhibited extremely high activity and stability in both acidic and alkaline conditions.[150] Interestingly, when the CGnP substrate was doped with nitrogen (NCGnP), however, the performance of Ru@NCGnP suffered significant deterioration. They claimed that the Ru−N coordination considerably restrains the growth of Ru NPs and blocks the metal-centered active sites, leading to the inferior
HER performance. This explanation is contradictory to a variety of previous reports that metal−nitrogen
coordination are beneficial for tuning the electronic structures of metal active sites, thus facilitating the
overall reaction kinetics.[142, 144, 147, 148, 153] More recently, Baek’s et al. reported an 1D electrocatalyst with
Ru NPs confined on multiwalled carbon nanotube (Ru@MWCNTs) for efficient acidic and alkaline
HER.[152] DFT calculations indicated that Ru−C bonding is the most favorable active site for HER. To
increase the utilization efficiency of precious metal, Lou et al. utilized a modified templated approach to
confine sub-nanometer Pt clusters in hollow mesoporous carbon spheres (Pt5/HMCS, Figure 2.9g and h).[154]
Impressively, Pt sub-nanoclusters assembled of several Pt atoms (inset of Figure 2.9h) were homogenously
dispersed on HMCS with an average diameter of around 0.77 nm. In virtue of the optimized electronic
structures of Pt species and the confinement effect, the Pt5/HMCS electrocatalyst presented excellent mass
activity and stability for both acidic and alkaline HER. In these cases, the functional support materials were
not modified by heteroatom doping, whereas the strong interaction between precious metal nanoclusters
and carbon species could still provide multiple possibilities for optimizing the catalytic activity of metalcenter active sites via electronic effect, interfacial bonding effect and confinement effect. It should be noted
that in some anomalous examples, although highly crystalline Ru NPs (> 2 nm) are the main components
in the heterostructures as evidenced by TEM images, Weidinger et al. and Chen et al. claimed that the
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atomically dispersed Ru species are the active sites for alkaline HER.[145, 148] Such inconvincible arguments
need to be further investigated with more solid experimental and theoretical evidence.

Figure 2.9 a) A structural diagram of Ru@C2N. b) TEM image of Ru@C2N (inset: the corresponding
particle size distribution of Ru nanoparticles), scale bar: 20 nm. c) TOF values of Ru@C2N, Pt/C and other
recently reported HER electrocatalysts in 1 M KOH. a-c) Reproduced with permission.[153] Copyright @
2007, Springer Nature. d) Calculation model (top view) and corresponding electronic density difference at
the interface highlighted by the red circle. e) Energy diagram of the alkaline HER pathways on different
electrodes, including the initial, intermediate, final, and additional transition states of the reactants for Ru
NCs/BNG and Pt/C. d, e) Reproduced with permission.[147] Copyright @ 2019, Elsevier Ltd. f) A structural
illustration of Ru@GnP. Reproduced with permission.[150] Copyright @ 2018, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. g) Low-resolution HAADF-STEM image and h) high-resolution HAADF-STEM
image (inset: size distribution of the Pt clusters and magnified image of Pt cluster) of Pt5/HMCS. g, h)
Reproduced with permission.[154] Copyright at 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
It is worth mentioning that carbon-supported/encapsulated precious metal heterostructures usually show
high HER activity in both acidic and alkaline aqueous solutions, which has been demonstrated by enormous
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researcheses. Although the water dissociation step is the RDS for alkaline HER, limited articles have
claimed that this RDS is accelerated in the cases of the carbonaceous material-supported heterostructures.
The reason might be that carbonaceous materials are generally not favorable for water adsorption. DFT
calculations indicated that the water adsorption energy is 0.35 eV on MWCNT

[155]

and 0.1 eV on gra-

phene[156]. As is the case of Ru@C2N, both the water adsorption/dissociation site and H adsorption site are
on the Ru species.[153] In fact, we can find that Ru is the mostly used precious metal to be combined with
carbonaceous materials as electrocatalyst for alkaline HER, which might be ascribed to the higher oxophilicity of Ru than other metal catalysts (e.g., Pd, Pt and Ir). In some unique carbonaceous material-encapsulated metal or alloy cases, however, the authors claimed that the main HER active sites are not metal species
but the carbonaceous materials.[157-162] The main explanation for the enhanced HER kinetics is that electron
transfer from metal/alloy cores to carbon layers, thus modulating the electronic structures of carbon surface.
As a result, the originally high hydrogen adsorption free energy (∆GH* >>0, weak H binding) on the carbon
surface is substantially lowered (∆GH* is much closer to 0), which implies the greatly increased H adsorption
rate. As mentioned above, carbonaceous materials are not good hydrophilic catalysts. Therefore, the HER
activities of these carbon encapsulated metal/alloy catalysts were mostly evaluated in acidic solutions. Exceptionally, the hollow carbon sphere-confined Ru species and N-doped graphene encapsulated RuCo
nanoalloy were reported to show excellent alkaline HER performance due to the optimized ∆GH* value on
carbon/N-doped graphene surface,[161, 162] whereas the H2O dissociation step and/or the influence of OH*
were not investigated.
Although the cost-effective and high-performance carbonaceous material-supported metal heterostructures
have been extensively investigated for alkaline HER, one issue should be brought to the forefront is the
huge discrepancy between the constructed catalyst model for DFT calculations and the real catalyst configuration. For instance, in some research articles, the dimension of the as-prepared metal particles can be as
large as 10 nm showing from TEM images, however, the authors might use a metal particle consisting of
less than 20 metal atoms supported on carbon material for DFT calculation. In such circumstance, the theoretical calculations will lead to oversimplification and misinterpretation of the research. To narrow this
gap and provide much reliable theoretical evidence for supporting the experimental results, future studies
should pay more attention to the characterization of the catalyst structures, especially the interfacial structures of composite catalysts at atomic/molecular level. And theoretical catalyst model for simulation should
be designed as closer to the real structure as possible based on the precisely characterized structures.
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2.3.5 Other PGM-based heterostructures
Other than the most intensively investigated substrates as discussed aforementioned, TMDs, TMPs, TMCs
and TMNs are also appealing substrate materials for engineering heterostructured electrocatalysts. The design motivations of these heterostructures are usually analogous to the above-mentioned scenarios. To be
specific, one idea is to engineer synergistic effect with the substrate promoting water dissociation step and
the precious metal sites facilitate H adsorption, such as Pt decorated Ni3N nanosheets;[163] or reversely, Ru
sites act as a water dissociation promoter, while the near-interface defect-rich MoS2 and Ru2P NPs play a
key role in adsorbing H intermediates in the cases of Ru/MoS2 and Ru-Ru2P, respectively.[164, 165] Another
principle is to rational design and regulate heterointerface for triggering electronic redistribution across the
heterointerface, thus altering the reactants/intermediates adsorption states on the active sites.[166-168] To be
noticed, for some heterostructures, their apparent HER activity in acidic media is inferior to that in alkaline
media.[164, 167] However, no convinced viewpoints were proposed to explain such issue. From our perspective, one reason might be that these heterostructures are not stable in acidic conditions. Future research
should be delicately design experiments with the combination of spectroscopic characterization and computational quantum chemistry to interpret such abnormal phenomenon.
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3.1 Experimental design
In this thesis, two different structural design scenarios are proposed for the Pt/Ni(HCO3)2 heterostructure
and Ru/NC heterostructure, respectively. As shown in Figure 3.1, Pt/Ni(HCO3)2 is a bifunctional heterostructure, in which Ni(HCO3)2 is active for H2O adsorption and dissociation, while Pt NPs are responsible
for proton adsorption. They play synergistically accelerating the overall alkaline HER kinetics. On the contrary, the Ru/NC heterostructures contain abundant interfacial Ru−N(O)−C moieties, and hence the geometric and electronic structures of Ru species can be controllably tuned through a simple annealing treatment. As a result, the oxidized Ru sites at the interface are better for H2O adsorption and dissociation, while
the metallic Ru species at surface prefer H adsorption. The expedited alkaline HER on the optimal Ru/NC
heterostructure is attributed to the accelerated water dissociation rate at the interfacial Ru sites and the
optimum HBE on the surface Ru sites.

Figure 3.1 Design scenarios of Pt/Ni(HCO3)2 heterostructures and Ru/NC heterostructures, respectively.
The experimental procedure is demonstrated in Figure 3.2. Generally, the synthesis process of metal/support heterostructures can be divided into two steps: i) 2D support materials are priorly synthesized either
by hydrothermal reaction or solid-state pyrolysis; ii) subsequently, the precious metal species are deposited
on support materials via a simple solution-phase method. The physicochemical properties of the as-synthesized heterostructures will be further characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning TEM (STEM), XPS, XAFS, etc. And electrocatalytic HER performances of
these heterostructured electrocatalysts will be examined in alkaline and/or acidic electrolytes. At last, the
alkaline HER mechanism is proposed.
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Figure 3.2 The experimental procedures of this thesis.

3.2 Chemicals
The chemicals and materials used in this thesis are listed in Table 3.1. All the chemicals were used as
purchased without further purification.
Table 3.1 Chemicals and materials.
Chemicals

Formula

Purity

Supplier

Ethanol

C2H5OH

96%

Chem-Supply Pty. Ltd.

2-Propanol

(CH3)2CHOH

99.5%, anhydrous

Sigma-Aldrich Pty. Ltd.

Ethylene glycol

HOCH2CH2OH

99.8%, anhydrous

Sigma-Aldrich Pty. Ltd.

Potassium hydroxide

KOH

90%, reagent grade,
flakes

Sigma-Aldrich Pty. Ltd.
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Potassium hydroxide

KOH

≥ 85%, ACS reagent,
pellets

Chem-Supply Pty. Ltd.

Sulfuric acid

H2SO4

95%-98%, ACS reagent

Sigma-Aldrich Pty. Ltd.

Nafion® 117 solution

——

~5% in a mixture of
lower aliphatic alcohols and water

Sigma-Aldrich Pty. Ltd.

Nickel(II) nitrate hexahydrate

Ni(NO3)2ꞏ6H2O

≥ 98.5%,
puriss. p.a.

Sigma-Aldrich Pty. Ltd.

Urea

NH2CONH2

99.0-100.5%, ACS reagent

Sigma-Aldrich Pty. Ltd.

Chloroplatinic acid
hydrate

H2PtCl6ꞏxH2O

≥ 99.9%, trace metals
basis

Sigma-Aldrich Pty. Ltd.

Sodium borohydride

NaBH4

≥ 96%,
purum p.a.

Sigma-Aldrich Pty. Ltd.

D-(+)-glucose

C6H12O6

ACS reagent

Sigma-Aldrich Pty. Ltd.

Ruthenium (III) chloride hydrate

RuCl3ꞏxH2O

ReagentPlus®

Sigma-Aldrich Pty. Ltd.

Platinum on graphitized carbon

——

20 wt.% loading

Sigma-Aldrich Pty. Ltd.

Platinum on carbon

——

10 wt. % loading, matrix activated carbon
support

Sigma-Aldrich Pty. Ltd.

3.3 Synthetic strategies
3.3.1 Wet-chemical synthetic approaches
To develop easy-to-achieve synthetic strategies, feasible wet-chemical approach will be mainly explored to
prepare metal-based heterostructures in this thesis. Specifically, for Pt/Ni(HCO3)2 heterostructures, a onepot hydrothermal reaction method (< 180 ℃) was used to synthesize 2D Ni(HCO3)2 nanoplates,[169] which
is inspired by the traditional wet-chemical strategies for preparing 2D Ni(OH)2 nanosheets (NSs).[124, 170]
Further, a simple solution-phase method was introduced to prepare Pt/Ni(HCO3)2 hybrids. Notably, the
ethylene glycol (EG) not only acts as solvent to homogenously disperse precursor mixture, but also plays
as reductant to reduce Pt4+ precursor to obtain metallic Pt species.

3.3.2 Solid-state synthetic approaches
In the case of Ru/NC heterostructures, nitrogen-doped carbon (NC) NSs are selected as support materials
due to the features of high conductivity, rich coordination sites and ultrahigh surface area. Based on the
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tremendous reports for preparing heteroatom-doped carbonaceous materials,[171-173] we developed a one-pot
solid-state method to synthesize 2D NC NSs, by simply pyrolyzing the mixture of nitrogen and carbon
precursors at 900 ℃ under inert gas (Ar) flow for 5 h. Afterwards, the Ru/NC heterostructures will be
prepared by a wet-chemical process at room temperature (denoted as Ru/NC-RT).[174] Further low temperature annealing treatment of the as-prepared Ru/NC-RT will be carried out to achieve delicate regulation
of interfacial coordination chemistry.

3.4 Physical characterizations
3.4.1 Inductively Coupled Plasma mass spectroscopy
Inductively Coupled Plasma mass spectroscopy (ICP-MS) is a type of mass spectrometry, which applies an
inductively coupled plasma to ionize the sample. It atomizes samples to create atomic and small polyatomic
ions which can be detected. ICP-MS is known for the powerful capability to detect metals in liquid samples
with very low concentration. Therefore, we applied this method to quantify the mass loadings of Pt NPs in
the Pt/Ni(HCO3)2 heterostructures.

3.4.2 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a thermal analysis-based method, using which the mass of a sample
can be measured over time as the temperature changes. This technique can not only provide information
about physical phenomena (e.g., phase transitions, absorption and desorption), but also analyze chemical
phenomena such as chemisorption, thermal decomposition and solid-gas reactions (e.g., oxidation or reduction).

3.4.3 XRD
XRD is a strong nondestructive method to characterize crystalline materials, which provides information
on structures, phases and other structural parameters such as average grain size, crystallinity and strain.
XRD peaks are generated by constructive interference of a monochromatic beam of X-rays scattered at
specific angles from each set of lattice planes in a sample. The atomic positions within the lattice planes
determine the peak intensities. Therefore, XRD pattern is the fingerprint of the periodic atomic arrangement
in the material. The standard database of XRD patterns can be searched online, which enables quick phase
identification for a broad range of crystalline samples.

3.4.4 XPS
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XPS is a surface-sensitive quantitative spectroscopic technique, which can identify the elements that exist
within a composite material, as well as their chemical state and the overall electronic structure. XPS can
not only characterize the electronic and chemical structures of the elements, but also detect electronic interaction between the elements. Therefore, XPS is an essential technique for us to analyze the electronic
states of the metal species, as well as the electronic interaction between different components of the heterostructures.

3.4.5 XAS
XAS is a synchrotron-based technique which can be split into XANES and XAFS. XAS has powerful
functions that are absent from XRD, such as element specific and sensitive to short-range order (typically
several Å) and chemical state. Therefore, it can quantitatively provide structural information (e.g., oxidation
state, coordination number, bond length and atomic species) of nanomaterials at atomic level. In the case
of metal species-based heterostructures, by precisely manipulating interfacial chemistry (e.g., coordination
number, bond length), the surface and interfacial electronic structures of metal species can be synergistically modified, thereby affecting the adsorption/desorption behavior of reactants. However, it is difficult to
detect these chemical features using XRD or XPS, since their concentration in the material is extremely
low. In this regard, ex situ XAS provides the possibility to detect these interfacial structures in an accurate
way at atomic level. For example, ex situ XAFS has become the main method used to investigate the precise
interfacial coordination structures of single-atom catalysts.

3.4.6 TEM & STEM
TEM is one of the most widely used techniques for characterizing morphology and crystal structures of
nanomaterials. Low-resolution TEM imaging can be used to examine the morphology and contact mode of
the hybridized nanocomposites. HRTEM imaging combined with SAED provide the information of crystallinity, phase, orientation and exposed lattice planes of nanomaterials, which is rather useful for the investigation of metal-based nanostructures. However, it is impossible to identify the features such as defects,
lattice distortion, atomically dispersed metal atoms and heteroatom dopants using regular HRTEM. The
development of aberration-corrected STEM can make up the shortcomings of TEM. Notably, atomic-resolution imaging can be acquired from high-angle annular dark-field (HAADF)-STEM, where the contrast of
the atoms is directly proportional to the atomic number of the atoms.
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3.5 Electrochemical measurements
3.5.1 Working Cell design
Two-electrode system is the simplest cell setup, whereas producing complex results. Generally, practical
electrochemical devices, such as electrolyzers, have two electrodes between which voltage is applied or
measured (Figure 3.3a).[31] A two-electrode system measures the sum of voltage or current across all the
components of a cell, including positive electrode, negative electrode and electrolyte. However, the twoelectrode setup does not allow for determining potential changes of an individual electrode of interest. The
biggest advantage of three-electrode setup over two-electrode setup is that three-electrode system measures
only one half of the cell. That is, the potential changes of the working electrode are measured independent
of the variations that may take place on the counter electrode. As such, one can well define the potential of
working electrode. Figure 3.3b depicts a common three-electrode system including a working electrode
(WE), a reference electrode (RE), a counter electrode (CE) and a gas inlet, and the corresponding circuit of
the three-electrode system.[175] To accurately measure the potential changes of the working electrode, we
utilized a three-electrode cell to perform the electrochemical evaluations of catalysts. And all the components of the cell were purchased from Pine Research Instrumentation, Inc.

Figure 3.3 a) Schematic diagram of a two-electrode water electrolyzer. Reproduced with permission.[31]
Copyright @ 2019, American Chemical Society. b) Schematic diagram of a three-electrode cell (top), and
the corresponding circuit (bottom). Reproduced with permission.[175] Copyright @ 2015, The Royal Society
of Chemistry.

3.5.2 Reference electrode
In a three-electrode system, the potentials of WE are measured with respect to the RE, which should have
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a well-defined potential and be stable in the relevant electrolyte. To reliably measure the potentials of WE,
it is of great significance to select an appropriate RE according to the nature of the electrolyte solution. The
most reliable choice of RE is RHE, which is commercially available. Otherwise, all the measured potentials
referenced to other REs should be converted to RHE. The saturated calomel electrode (SCE, Hg|HgCl),
silver-silver chloride electrode (SSCE, Ag|AgCl) and mercury-mercury oxide electrode (MME, Hg|HgO)
are the mostly used commercial REs in acidic, neutral and alkaline aqueous electrolyte systems, respectively.[71, 176] In this thesis, Ag|AgCl RE was selected for acidic system measurement and Hg|HgO RE for
alkaline media measurement.
Ag|AgCl electrode. Generally, the measured potential of WE versus Ag|AgCl RE is converted to the potential versus RHE according to the following equation:
ERHE = EAg|AgCl + 2.303RT × pH/F + E°Ag|AgCl = EAg|AgCl + 0.059 × pH + E°Ag|AgCl

(3.1)

where R is the universal gas constant represents (8.314 J K-1 mol-1), T is the working temperature (25 ℃).
F is the Faraday constant (96485 C mol-1), EAg|AgCl is the measured potential of WE referenced to Ag|AgCl
RE, E°Ag|AgCl is the potential of Ag|AgCl RE versus SHE, which is 0.197 V when the RE is filled with
saturated KCl. Notably, the Ag|AgCl RE is not recommended to be used in alkaline aqueous solutions,
since Cl− can leach from the reference electrode into either acid or alkaline electrolyte, and then diffuses to
the working electrode, thereby interfering with the activity measurements.[176] Particularly in alkaline solutions, diffusion of OH− into the chamber of RE may alter the pH value of the filled KCl solution and form
oxide (AgO2), thus shifting the reference potential of the RE.[71] Therefore, experimental calibration of REs
versus RHE is necessary for the purpose of collecting reliable data.
Hg|HgO electrode. The measured potential of WE referenced to the Hg|HgO RE is converted to the potential versus RHE according to the simplified theoretical Nernst equation as follows:
ERHE = EHg|HgO + 2.303RT × pH/F + E°Hg|HgO = EHg|HgO + 0.059 × pH + E°Hg|HgO

(3.2)

where EHg|HgO is the measured potential of WE referenced to the Hg|HgO electrode, E°Hg|HgO is the standard
potential of Hg|HgO electrode (0.098 V). However, it is to be mentioned that such theoretical correction
method will result in errors in evaluating electrocatalytic activity. It has been raised that the potentials of a
certain RE obtained from theoretical Nernst equation and experimental calibration can vary by as large as
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30 mV.[176] As indicated by the Nernst equation, the practical working conditions such as pH and temperature of electrolyte may affect the measured potentials. Therefore, it is highly important to conduct experimental calibration of REs in the relevant electrolyte.
Calibration of REs. The calibration of REs is performed in a three-electrode cell. Typically, Pt foil is
selected as working electrode, Hg|HgO or Ag|AgCl acts as RE and graphite plays as CE. The relevant
electrolyte is saturated with high-purity hydrogen before and during measurement. CV is performed at the
scan rate of 1 mV s-1, and the average of the two potentials at which the current crossed zero are taken to
be the thermodynamic potential.

3.5.3 Counter electrode
Pt has also been commonly used as a counter electrode in the form of wire, mesh, plate or other configurations. Notably, a variety of earlier publications have referred to the deployment of Pt CE even for electrochemical evaluations of PGM-free and metal-free materials. However, despite being highly stable, recent
developments of in situ and ex situ techniques have uncovered the significant dissolution of Pt when working as CE, where oxidation reaction taking place during long-cycling HER process.[177] Such dissolution
can potentially influence the performance of the targeting catalysts, especially those metal-free catalysts.
Fortunately, this issue has been addressed by replacing Pt CE with carbon-based CEs (e.g., graphite) for
oxidation reaction (CE for HER or ORR). Guided by these tutorials, we choose graphite as CE for all the
electrocatalytic HER measurements.

3.5.4 Working electrode setup
To evaluate reaction kinetics accurately, we use RDE which can well control the working electrode to
provide well-defined hydrogen transport for mass-transport limited reactions. Teflon shrouded RDE
equipped with a conductive flat glassy carbon (GC) electrode serving as the current collector is the most
popular configuration for electrocatalytic measurements. The powder catalyst is applied on the GC in the
form of a uniform thin layer by drop-casting method. Figure 3.4 displays a typical diagram of RDE configuration (Pine Research Instrumentation, Inc).[178] The WE is connected to the electrode rotator that can wellcontrol the rotating rate. In a typical three-electrode cell, when a working electrode spins, the reactant in
the solution is dragged to the surface of the WE, and the resulting centrifugal will fling the product away
from it. Nevertheless, one should note that there is still a stagnant reaction layer covering the surface of the
WE and reactants should transport through this layer by diffusion. The relationship between the thickness
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of diffusion layer (δ) and the applied rotating rate (ω) of WE is shown in Equation 3.3. The increase of
rotating speed will contribute to a thinner diffusion layer. For HER activity evaluation, the rotating rate of
working electrode is fixed at 1600 rpm.
δ = 1.61 × ν1/6 × D1/3 × ω-1/2

(3.3)

Figure 3.4 The RDE configuration from Pine instrument and the corresponding schematic diagram. 1 Rotator body; 2 bearing; 3 rubber housing; 4 washer; 5 spring; 6 spindle for electrode; 7 pulley; 8 top lock nut;
9 bottom lock nut; 10 bushing/brush contact; and 11 retainer. Reproduced with permission.[178] Copyright
@ 2015, Springer International Publishing Switzerland.
To produce credible data, the WE should be carefully prepared and cleaned before measurement. A recipe
for catalyst ink preparation is as follows: 4 mg of catalyst powder is dispersed in the mixed solution with
768 µL of DI water, 200 µL of 2-Propanol and 32 µL of 5 wt% Nafion, followed by ultrasonicating for 3 h
to acquire homogeneous catalysts ink. Afterwards, 10 µL of catalyst ink is dope-casted on the GC (diameter:
5 mm) electrode to obtain a catalyst loading of ~200 mg cm-2, and let the catalyst ink dry naturally. Before
electrochemical measurements, the catalyst surface should be cleaned to remove the surface adsorbed contaminants such as surfactants, which may be acquired during the wet-chemical synthesis process. A common surface cleaning method is CV cycling, which is widely used for Pt-based electrocatalysts. Herein, the
detailed procedure for such CV cycling is carried out as follows: in N2-saturated 1M KOH or 0.5 M H2SO4
aqueous solution, the precious metal-based catalyst surface is cleaned using CV cycling from 0.05 to 1V
(vs. RHE) at the scan rate of 50 mV s-1 for approximate 20 to 30 cycles.

3.5.5 Benchmarking catalysts
The significance of correct choice of benchmarking catalysts has been carefully reported in a previous
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Perspective.[179] It is known that the electrocatalytic performance of the catalysts can be influenced by many
factors, such as working cell configuration, conditions of electrolytes, operating conditions (e.g., temperature, pressure, rotating speed of RDE), the skills of the operators. To realize a meaningful comparison of
the electrochemical properties obtained from different research groups, it is crucial to report the performance of an appropriate benchmarking catalyst. Commonly, the benchmarking catalysts should be widely
accepted by the relevant research communities. For example, commercial 20% or 40% Pt/C are widely
accepted benchmarking catalysts for electrocatalytic HER and ORR.

3.5.6 Electrochemical techniques
3.5.6.1 CV
The powerful CV technique is generally utilized to investigate the oxidation and reduction processes of the
target reactants. Herein, CV cycling is employed to clean catalyst surface at the beginning of electrocatalytic measurements. Then, CV is applied to calculate ECSA of the electrocatalysts. Typically, for the ECSA
quantified by CDL method, CV is scanned under different scan rates in non-faradaic area. Regarding the
evaluation of ECSA for Ru species, Cu-UPD method will be applied, the CV technique is set in the potential
range of 0.05 to 0.9 V (vs. RHE) at the scan rate of 50 mV s-1.

3.5.6.2 LSV
LSV is a voltammetric method, by which the current at a working electrode is recorded while the potential
between the working electrode and a reference electrode is swept linearly in time. A peak or trough from
the current signal is recognized as the oxidation or reduction of species. For the assessment of HER activity,
multiple information can be extracted from LSV polarization curves, including but not limited to overpotential, exchange current density, and Tafel slope. A small sweep rate is recommended to minimize the nonfaradaic current contribution. Typically, a reduction potential range of 0 to −0.6 V (vs. RHE) at the scan
rate of 10 mV s-1 is set to record the LSV curves of HER process in this thesis.

3.5.6.3 EIS
EIS is a one of the most complicated electrochemical technique that utilizes a small amplitude, alternating
current (AC) signal to evaluate the impedance characteristics of a cell. The AC signal is scanned over a
wide range of frequencies to produce an impedance spectrum for the working cell. Generally, EIS is more
often performed under potentio control (PEIS) than under galvano control (GEIS). In this thesis, PEIS
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measurements were conducted over the AC impedance spectra from 100 kHz to 100 mHz at the overpotential of 100 mV. RCT and RS can be extracted from Nyquist plots obtained by performing PEIS technique at
a given potential.

3.5.6.4 CA & CP
Stability is another important parameter for reporting catalyst properties, as practical electrochemical devices must operate for hundreds/thousands of hours with negligible change of activity. Two common strategies can be used to report stability of catalysts: i) CV cycling of electrocatalysts, and ii) recording the
change of current at a fixed working potential (CA) or the change of potential at a fixed current (CP). In
this thesis, the stability of Pt/(HCO3)2 was evaluated using CA technique by fixing the potential at ‒0.1 V
(vs. RHE). And CP is applied to assess the stability of the Ru/NC heterostructure.

3.5.7 Data collection and reporting
The electrochemical data will be recorded via an electrochemical workstation (Multichannel potentiostat/galvanostat VSP-300, BioLogic Science Instrument), which has been connected to the RDE as aboveintroduced.
Regardless of which RE is used, all the measured potentials should be converted to RHE. The significance
of converting all the potentials to RHE is depicted in Figure 3.5.[71] The diagram, which correlates the
potential with pH value of aqueous solutions, clearly demonstrates that the pH value alters the potential
window when converted to SHE. The potential versus other reference electrodes, such as SCE, demonstrates the same issue. As a result, this pH-dependent potential reporting complicates the comparison of
catalyst performance in different electrolyte. In contrast, RHE normalization takes pH into consideration as
indicated by the Nernst equation 3.1 and 3.2, where the equilibrium potential of H2-redox is declared of 0
V versus RHE at 25 ℃. It is no doubt that reporting the potentials versus RHE facilitates the study of
electrocatalysis with various pH environments, and the uniformity of electrocatalytic activity reporting also
ease the comparison of results among different research groups. However, due to the diverse changes of
working conditions, the selected RE should be experimentally calibrated before further analysis, which has
been discussed in Section 3.5.2. The final conversion of measured potential to RHE can be simplified to
Equation 3.5, where ERE is the measured potential of WE versus RE, Ecal is the experimentally calibrated
potential of RE versus RHE.
ERHE = ERE + ECal - iRS

(3.5)
47

Chapter 3 Experimental setup

Figure 3.5 Pourbaix diagram of water which shows the reaction potential at various pH environments, and
the potentials of some commonly used reference electrodes. Reproduced with permission.[71] Copyright @
2019, John Wiley & Sons, Inc.
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4.1 Introduction
Heterostructures, which are composed of at least two components, usually possess unique multifunctional
physicochemical properties different from the individual components.[180, 181] In particular, two-dimensional
2D materials-based heterostructures with high surface-to-volume ratio, are able to achieve maximum exposure of surface atoms (active sites) and substantially shorten the pathway for charge transfer and mass
diffusion.[180-182] In addition, the electron redistribution at the interface of the heterostructures is very beneficial to enhance the reaction kinetics.[180, 181] As a result, they show great application potential in energy
storage and conversion fields, such as batteries[183] and photoelectro-catalysis.[184-188]
Water electrolysis is a promising technology towards efficient utilization of intermittent renewable energies
and developing efficient electrocatalysts for HER and OER is vital to the substantial application of water
electrolysis. Among various HER catalysts, Pt is currently proved as the most efficient one in acidic medium.[84] However, the HER kinetics in alkaline medium is severely reduced due to the sluggish water
dissociation step.[29] Therefore, improving water adsorption/dissociation ability is the top priority towards
enhanced alkaline HER kinetics. It was found that some transition metal oxides/hydroxides are capable of
cleaving H−OH bond.[189, 190] Marković et al. pioneered Ni(OH)2 as an efficient promoter for Pt and several
other metal catalysts to improve their alkaline HER activity.[57] Theoretical calculations have also indicated
that the interface of the heterostructures consumes lower energy to cleave the H−OH bond than their single
counterparts.[102, 191]
Recently, we found that Ni(HCO3)2 shows comparable OER activity to Ni(OH)2 in alkaline medium, which
process is closely associated with OH− adsorption.[15] Besides, a number of hydrophilic groups in
Ni(HCO3)2, such as C−O and C=O, can interact with H2O via hydrogen bonding, thereby favouring H2O
adsorption.[192] On this basis, we speculate that Ni(HCO3)2 might work as an efficient catalyst promoter for
alkaline HER. To verify this hypothesis, Pt/Ni(HCO3)2 heterostructures with Pt NPs anchored on
Ni(HCO3)2 nanoplates are synthesized, which demonstrate considerably enhanced alkaline HER catalytic
activity and stability over bare Pt NPs and commercial 10 wt% Pt/C. The novel Pt/Ni(HCO3)2 heterostructure also expands the heterostructure family based on 2D materials for a variety of energy applications.
49

Chapter 4 Platinum/Nickel Bicarbonate Heterostructures towards Accelerated Hydrogen Evolution under
Alkaline Conditions

4.2 Experimental section
Synthesis of Ni(HCO3)2 nanoplates. Pure nickel bicarbonate nanoplates were synthesized via a one-pot
hydrothermal reaction method. Typically, 1 mmol of Ni(NO3)2 and 6 mmol of urea were dissolved into the
mixture of 7 mL of deionized (DI) water and 28 mL of ethylene glycol under magnetic stirring. Then, the
homogeneous solution was transferred into a 50 mL Teflon-lined stainless steel autoclave and heated at 160
ºC for 12 h in an oven. Afterwards, the precipitates were collected by centrifuging, washed with DI water
and ethanol for several times, and dried at 60 ºC overnight.
Synthesis of Pt/Ni(HCO3)2. The Pt/Ni(HCO3)2 heterostructures were synthesized by a facile solutionphase method. Typically, 15 mg of Ni(HCO3)2 and 515 µL (calculated as 40 wt% of Pt NPs in
Pt/Ni(HCO3)2) of 0.1 M H2PtCl6/EG solution were added into 30 mL of EG, and ultrasonicated for 3 h to
form a homogenous dispersion. Subsequently, an excess amount of 0.1 M NaBH4 aqueous solution was
added dropwise into the above mixture and magnetic stirred for 1 h.[193] The hybrid material was obtained
via centrifugation, washed with DI water and ethanol for several times, and finally dried in vacuum oven
for 12 h. Pt/Ni(HCO3)2 heterostructures with calculated Pt mass ratio of 20 wt % and 10 wt% were also
synthesized under the same condition by adjusting the amount of H2PtCl6. Herein, ICP-MS was carried out
to get the accurate atomic ratio of Ni and Pt. The actual Pt mass ratio of the as-calculated 40 wt%
Pt/Ni(HCO3)2, 20 wt% Pt/Ni(HCO3)2 and 10 wt% Pt/Ni(HCO3)2 is therefore determined to be 20 wt% (denoted as 20% Pt/Ni(HCO3)2), 9 wt% (denoted as 9% Pt/Ni(HCO3)2) and 5 wt% (denoted as 5%
Pt/Ni(HCO3)2), respectively. For comparison, pure Pt nanoparticles were synthesized by the same procedure as above without adding Ni(HCO3)2.
Physical characterizations. XRD measurement was conducted using GBC MMA X-ray diffractometer.
The morphology and nanostructure of the materials were investigated by JEOL JEM-2010 TEM (working
voltage: 200 kV). XPS characterization was carried out on a Thermo ESCALAB 250Xi instrument, using
monochrome Al Kα (hv=1486.6 eV) as the X-ray excitation source. The mass ratio of Pt was measured
with a Thermo Scientific Plasma Quad 3 ICP-MS.
XAFS measurements. The prepared samples were subjected to XAFS spectroscopy analysis to characterize localized coordination environment around Pt atoms. Pt L3-edge XAFS were collected at beamline
BL14W1 in Shanghai Synchrotron Radiation Facility (SSRF). The storage ring was operated at energy of
3.5 GeV and at currents about 240 mA. The white X-ray was monochromatized with a Si (111) double50
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crystal monochromator and the energy was calibrated with a Pt foil (11564 eV). Pt standards and prepared
samples were pressed and collected in transmission mode at room temperature. The data processing were
performed using software Demeter[194] and then further deconvolved by the wavelet transform (WT) method
using the Igor Pro script by Funke et al.[195] This qualitative analysis was primarily focused on the nature
of the backscattering atoms as well as the bond lengths and complemented the conventional Fourier transform (FT) analysis by connecting contributions in the EXAFS spectra to the FT peaks.
Electrochemical measurements. The catalyst dispersion was prepared by mixing 4 mg of catalysts with
768 µL of DI water, 200 µL of 2-Propanol and 32 µL of 5 wt% Nafion solution followed by ultrasonicating
for 2 h. For the fabrication of working electrode, 10 µL of the as-prepared catalyst dispersion was loaded
onto a glassy carbon electrode with the diameter of 0.5 cm (0.19625 cm2), and then dried at room temperature. The actual Pt mass loading for pure Pt NPs, 20% Pt/Ni(HCO3)2, 9% Pt/Ni(HCO3)2, 5% Pt/Ni(HCO3)2
and commercial 10% Pt/C were 40, 8, 3.6, 2 and 4 µg, respectively.
The electrochemical measurements were carried out in 1 M KOH aqueous solution using a RDE system
equipped with a three-electrode electrochemical cell (Pine Research Instrumentation, Inc.), and all the data
was recorded by an electrochemical workstation (Multichannel potentiostat/galvanostat VSP-300, BioLogic Science Instrument). Pt foil and Hg|HgO (1 M) were used as a counter and a reference electrode,
respectively. Nitrogen gas was purged into the KOH aqueous solution to achieve an oxygen-free condition
during testing. The potentials measured were calibrated to RHE based on the equation:
ERHE = EHg|HgO + 0.924 V - iRS

(4.1)

The polarization curves were recorded between −0.5 and 0 V (vs. RHE) at a scan rate of 5 mV s-1 and a
rotation rate of 1600 r.p.m. 95% iR-compensation was applied to correct the ohmic potential drop caused
by the solution resistance. The electrochemical impedance spectra were recorded at the overpotential of
100 mV in the frequency range of 100−0.1 kHz. For ECSA measurement, CV curves at different scan rates
from 40 to 200 mV s-1 in the range of 0−100 mV vs. RHE were conducted. The capacitive currents (ja-jc)/2
at 50 mV vs. RHE as a function of scan rate were measured in order to extract double-layer capacitance
(CDL) of the electrodes:
ic = νCDL

(4.2)

Where ic (A) represents the capacitive current, ν (V s-1) is the scan rate.[196, 197] Meanwhile, CDL serves as
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an estimate of the ECSA of the solid-liquid interface as the relative ECSA is proportional to CDL. The ECSA
values were calculated based on the following equation:
ECSA=

CDL

(4.3)

Cs

Where Cs=0.03 mF cm-2 in 1 M KOH solution according to the literature.[198-200] Exchange current densities
were calculated by applying extrapolation method to the Tafel plots.[196, 197] The stability test was evaluated
by a chronoamperometric method in at an overpotential of 100 mV. The TOF values were calculated based
on the Pt atom numbers in each sample electrode according to the following equation:
TOF=

I

(4.4)

2nF

Where I (in A) is the current measured from LSV curves, F is the Faraday constant (in C mol-1) and n
represents the atom number of Pt (in mol).[201]

4.3 Results and discussion
Pt/Ni(HCO3)2 heterostructures are synthesized via a facile two-step process, as illustrated in Figure 4.1a.
Typically, Ni(HCO3)2 nanoplates (Figure 4.2) are synthesized by a hydrothermal reaction method, then Pt
NPs are deposited on Ni(HCO3)2 via a solution-phase process. Figure 4.1b is a TEM image of 20%
Pt/Ni(HCO3)2. It is clear that Pt NPs (2−3 nm, Figure 4.1c) are uniformly anchored on Ni(HCO3)2. The
HRTEM image (Figure 4.1d) shows an overlapping of lattice fringes of Pt and Ni(HCO3)2. The lattice
spacings of 2.4 Å can be ascribed to the (222) planes of Ni(HCO3)2. The lattice spacings of 2.2 and 1.96 Å
correspond to Pt (111) and (200) planes, respectively. The fast Fourier transformation (FFT) pattern (Figure
4.1e) presents clear reflections of Pt (111) and (200) planes and Ni(HCO3)2 (222) planes, confirming the
presence of Pt and Ni(HCO3)2. Besides, it appears that the deposition of Pt NPs does not change the morphology and crystal structure of Ni(HCO3)2 (Figure 4.2 and 4.3). In sharp contrast, bare Pt NPs (3−6 nm)
agglomerated severely in the absence of Ni(HCO3)2 (Figure 4.4). The results indicate that the interaction
between Pt and Ni(HCO3)2 can greatly prevent the growth and aggregation of Pt NPs. In addition, the TEM
images of 9% Pt/Ni(HCO3)2 (Figure 4.5) and 5% Pt/Ni(HCO3)2 (Figure 4.6) together with those of 20%
Pt/Ni(HCO3)2 suggest that the size of Pt NPs increases accordingly with increasing Pt loading.
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Figure 4.1 a) Schematic illustration of the synthesis process of Pt/Ni(HCO3)2 heterostructures. b) TEM
image, c) the corresponding Pt NPs size distribution histogram, d) HRTEM image of 20% Pt/Ni(HCO3)2
heterostructure, and e) the FFT-generated image derived from (d).

53

Chapter 4 Platinum/Nickel Bicarbonate Heterostructures towards Accelerated Hydrogen Evolution under
Alkaline Conditions

Figure 4.2 a) TEM image, b) HRTEM image, c) the corresponding FFT-generated image, and d) crystal
structure image of bare Ni(HCO3)2 nanoplates.

Figure 4.3 a) TEM image, b, c) HRTEM images, and d) the corresponding FFT-generated pattern of 20%
Pt/Ni(HCO3)2 heterostructure.
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Figure 4.4 a) TEM image, b) HRTEM image, and c) the corresponding size distribution histogram of bare
Pt NPs.

Figure 4.5 a-c) TEM images, and d) the corresponding size distribution histogram of 9% Pt/Ni(HCO3)2
heterostructure.
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Figure 4.6 a, b) TEM images, and c) the corresponding size distribution histogram of 5% Pt/Ni(HCO3)2
heterostructure.
Figure 4.7a shows the XRD patterns of the samples. The diffraction peaks of Ni(HCO3)2 and Pt can be
indexed to cubic-phased Ni(HCO3)2 (JCPDS 15-0782) and cubic-phased Pt (JCPDS 04-0802), respectively.
For the Pt/Ni(HCO3)2 heterostructures, all the diffraction peaks can also be well indexed. The peak overlapping of Ni(HCO3)2 (321) planes and Pt (111) planes induces the broadened diffraction peak at around
40º. And the relative peak intensity decrease of the heterostructures might be induced by the slight surface
reduction during the Pt deposition process. The chemical composition of the Pt/Ni(HCO3)2 heterostructures
were further probed by XPS. The XPS survey spectra of Ni(HCO3)2 and Pt/Ni(HCO3)2 heterostructures
(Figure 4.8a-c) confirm the existence of Ni, C, O and/or Pt elements. Deconvolution of the high-resolution
XPS spectrum of Pt 4f doublets for 20% Pt/Ni(HCO3)2 gives rise to two pairs of peaks, where metallic Pt
dominates in both doublets (Figure 4.7b).[202] The peak at 69 eV corresponds to Ni 3p of Ni(HCO3)2.[103]
Notably, the binding energy (BE) of Pt 4f7/2 and Pt 4f5/2 upshifts by 0.25 and 0.22 eV, respectively. Similar
behaviour is also found in 9% Pt/Ni(HCO3)2 (Figure 4.8d). The positive BE shift not only proves the presence of electronic interaction in the heterostructure,[203] but also suggests the downshift of d-band center of
Pt in the heterostructure as compared with Pt NPs.[204, 205] It is well established that the d-band center position can be used as a descriptor
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Figure 4.7 a) XRD patterns of the as-prepared Pt/Ni(HCO3)2 heterostructures, bare Pt and Ni(HCO3)2. bd) High-resolution XPS spectra of Pt 4f for 20% Pt/Ni(HCO3)2 and bare Pt (b), C 1s (c), and O 1s (d) for
20% Pt/Ni(HCO3)2 heterostructure and Ni(HCO3)2. e) Pt L3-edge XANES spectra (inset: enlarged spectra
at Pt L3 edge), and f) Pt L3-edge k3-weight FT-EXAFS spectra of Pt foil, Pt NPs and Pt/Ni(HCO3)2 heterostructure.

Figure 4.8 a-c) XPS survey spectra of Ni(HCO3)2 (a), 20% Pt/Ni(HCO3)2 (b) and 9% Pt/Ni(HCO3)2 (c). d)
High-resolution XPS spectra of Pt 4f for 9% Pt/Ni(HCO3)2 and bare Pt NPs. e, f) High-resolution XPS
spectra of C 1s (e) and O 1s (f) for 9% Pt/Ni(HCO3)2 and Ni(HCO3)2. g) High-resolution XPS spectra of Ni
2p for 20% Pt/Ni(HCO3)2 and Ni(HCO3)2. h) High-resolution XPS spectra of Ni 2p for 9% Pt/Ni(HCO3)2
and Ni(HCO3)2.
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for the strength of the surface atom-adsorbate interaction.[206, 207] And the downshift of the d-band center is
convinced to induce the decrease of hydrogen binding energy,[206, 208] which leads to a moderate Pt−Had
(adsorbed hydrogen) binding energy, thus facilitating the recombination of Had to generate H2.[208] Furthermore, evident BE shift is detected from the high-resolution C 1s spectra (Figure 4.7c and Figure 4.8e), and
the assignment of the fitted C 1s core-level positions are listed in Table 4.1. The pristine Ni(HCO3)2 exhibits
an intense peak at 290 eV (HCO3−), and two weak peaks at 286.2 (C−O) and 284.8 eV (C−C/C−H), respectively.[209, 210] While the peak at 290 eV splits into two peaks at 290.1 and 288.6 eV (O−C=O),[211, 212] respectively, for Pt/Ni(HCO3)2 heterostructures. Note that the BE of O−C=O downshifts after Pt deposition,
which can be attributed to the strong chemical bonding and electronic interaction between Pt and
Ni(HCO3)2. And the electron transfer from Pt NPs to Ni(HCO3)2 makes Ni(HCO3)2 with enriched electron
density, which has an positive influence on the H2O binding energy, resulting in accelerated water dissociation rate.[203] Besides, Pt−O−C=O bond is supposed to be formed considering the dramatic BE downshift
(1 eV).[211, 213] The high-resolution O 1s XPS spectra are also deconvolved (Figure 4.7d and Figure 4.8f).
The peak at 532.8 eV can be assigned to Pt−O−C=O,[213-215] which upshifts by 0.4 eV for 20% Pt/Ni(HCO3)2
and 0.32 eV for 9% Pt/Ni(HCO3)2 as compared with Ni(HCO3)2. The strong BE shift can be ascribed to the
Pt−O−C=O bond formation and electronic interaction, which in agreement with the O−C=O BE downshift
in C 1s spectra. The peak at 532 eV is attributed to hydroxyl group or the absorbed H2O on the surface,[213,
214]

and the peak at 531.2 eV can be ascribed to C=O bond.[214, 216] It should be mentioned that the core-level

positions of Ni 2p keep unchanged after Pt grown on Ni(HCO3)2 (Figure 4.8g and h), suggesting that there
is no change in the electronic structure of Ni (II). Based on the aforementioned discussion, we suppose that
Pt NPs might be attached to Ni(HCO3)2 via Pt−O−C=O covalent bond.
Table 4.1. XPS peak assignment of the fitted C 1s spectra.
Samples

Peak position (eV)

Bond assignment

FWHM (eV)

Proportion (%)

290.1

HCO3−

1.28

31.46

289.7

O−C=O

1.57

21.77

286.4

C−O

2.15

30.20

284.8

C−C/C−H

1.31

16.57

291.1

HCO3−

1.27

14.74

Ni(HCO3)2

9% Pt/Ni(HCO3)2
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20%
Pt/Ni(HCO3)2

288.6

O−C=O

1.45

11.85

286.4

C−O

1.69

14.30

284.8

C−C/C−H

1.37

59.12

290.2

HCO3−

1.26

19.51

288.7

O−C=O

2.20

17.15

286.1

C−O

2.00

18.31

284.8

C−C/C−H

1.32

45.03

To further investigate the coordination structure of Pt species in the heterostructure, the Pt L3-edge XANES
and EXAFS spectra were investigated. As shown in Figure 4.7e, the white line (WL) intensity reflects the
oxidation state of Pt species. It is clear that the WL intensities increase in the order of Pt foil < Pt NPs <
Pt/Ni(HCO3)2, indicating that Pt in the heterostructure carries more positive charges and electrons transfer
from Pt to Ni(HCO3)2,[217, 218] which is in accordance with XPS analysis (Figure 4.7b-d). Figure 4.7f exhibits
the Fourier transforms of the Pt L3-edge EXAFS oscillations. The main peak at 2−3 Å arises from Pt−Pt
bonding, and the relative intensity of Pt/Ni(HCO3)2 is extremely weaker than that of Pt NPs, revealing
weaker Pt−Pt coordination in the heterostructure.[218, 219] Notably, Pt/Ni(HCO3)2 shows a stronger peak at
1.6 Å, which can be assigned to Pt−O coordination.[218, 219] Moreover, the WT analysis, which provides a
radial distance resolution and the resolution in the k space, was performed. As shown in Figure 4.9, the WT
intensity maximums are detected at similar k position (at ~9 Å-1) for both Pt and Pt/Ni(HCO3)2, which can
be identified as Pt−Pt coordination.[218] In addition, a pre-WT intensity at 5.5 Å-1 is detected only for
Pt/Ni(HCO3)2, which is due to the Pt−O bonding.[218, 220] Further quantitative EXAFS curve fitting analysis
reveals that the coordination number of Pt−Pt in Pt NPs is 7.5 at the distance of 2.75 Å, while it decreases
to 6.6 at 2.73 Å in Pt/Ni(HCO3)2. And Pt−O coordination number in Pt/Ni(HCO3)2 is 1.2 at 2.09 Å (Table
4.2). The abundant Pt−O bonds evidenced by XANES and EXAFS further confirm a strong interaction
between Pt and Ni(HCO3)2, which would in turn modulate the catalytic activity of the Pt/Ni(HCO3)2 heterostructures.
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Figure 4.9 WT for the k3-weighted EXAFS signal for a) Pt NPs, and b) Pt/Ni(HCO3)2 heterostructure.
Table 4.2 EXAFS fitting parameters at the Pt LIII-edge for various samples (Ѕ02=0.831).
Sample

Shell

N[a]

R(Å)[b]

σ2(Å2)[c]

ΔE0(eV)[d]

R factor[e]

Pt foil

Pt−Pt

12

2.76

0.0046

6.6

0.0014

Pt NPs

Pt−Pt

7.5

2.75

0.0059

5.9

0.0044

Pt−O

1.2

2.09

0.0030
6.7

0.0037

Pt/Ni(HCO3)2
Pt−Pt

6.6
[b]

2.73

[a]

Coordination numbers;

[e]

Goodness of fit. Ѕ02 was set to 0.831 for Pt, according to the experimental EXAFS fit of Pt foil by fixing

Bond distance;

[c]

0.0088

Debye-Waller factors;

[d]

The inner potential correction;

CN as the known crystallographic value.
The geometric LSV polarization curves (Figure 4.10a) reveal that Ni(HCO3)2 is absolutely inert for HER,
while 20% Pt/Ni(HCO3)2 and bare Pt NPs exhibit superior HER activity with low Tafel slopes (Figure
4.10b) and low overpotentials (η) (Figure 4.11a) over 10% Pt/C, 9% Pt/Ni(HCO3)2 and 20% Pt+Ni(HCO3)2
(20 wt% Pt NPs physically mixed with Ni(HCO3)2). It has to be noted that, the real mass loading of Pt is
40, 8, 3.6, 8 and 4 µg for bare Pt NPs, 20% Pt/Ni(HCO3)2, 9% Pt/Ni(HCO3)2, 20% Pt+Ni(HCO3)2 and 10%
Pt/C, respectively. Therefore, the geometric LSV curves cannot scientifically reflect their authentic HER
activity. As shown in Figure 4.12a-d, the catalytic activity of Pt NPs varies dramatically with different bare
Pt mass loadings. Accordingly, 20% Pt/Ni(HCO3)2 demonstrates superior catalytic activity to Pt NPs with
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the same Pt loading. The result uncovers that Ni(HCO3)2 plays a critical role in promoting the alkaline HER
kinetics of Pt. To address the aforementioned discrepancy, the specific activity with current densities (j)
normalized by the relative ECSA is discussed (Figure 4.10c and d).

Figure 4.10 a) Geometric LSV curves, and b) the corresponding Tafel plots of bare Pt, 20% Pt/Ni(HCO3)2,
9% Pt/Ni(HCO3)2, 20% Pt+Ni(HCO3)2, commercial 10% Pt/C and Ni(HCO3)2 measured in 1 M KOH aqueous solution. c) Relative ECSA normalized LSV curves, and d) the corresponding Tafel plots of bare Pt,
20% Pt/Ni(HCO3)2, 9% Pt/Ni(HCO3)2, 20% Pt+Ni(HCO3)2 and commercial 10% Pt/C.

Figure 4.11 a, b) Overpotentials of various samples derived from geometric LSV curves (a), and relative
ECSA normalized LSV curves (b) at 10 and 50 mA cm-2, respectively.

61

Chapter 4 Platinum/Nickel Bicarbonate Heterostructures towards Accelerated Hydrogen Evolution under
Alkaline Conditions

Figure 4.12 a) LSV curves of bare Pt electrodes with different mass loading on the glassy carbon. b-d) LSV
curves (b), the corresponding overpotentials at the current density of 10 mA cm-2, the corresponding TOF
values calculated at the η of 100 mV (c), and the relationship between TOF values and the measured E vs.
RHE (d) of bare Pt and 20% Pt/Ni(HCO3)2 heterostructure with the same mass loading of Pt species.
In this work, the CDL of the samples in the non-Faraday region was measured to represent ECSA (Figure
4.13a and Figure 4.14). Bare Pt NPs exhibit the highest CDL because of its highest Pt mass loading. It is
clear that 20% Pt/Ni(HCO3)2 exhibits enhanced relative ECSA normalized HER activity and faster reaction
kinetics than that of bare Pt NPs and 10% Pt/C. Remarkably, the η is as low as 27 mV for 20% Pt/Ni(HCO3)2
to achieve the j of 10 mA cm-2, which is 17 mV lower than that of bare Pt electrode, and the performance
difference is much evident when j reaches 50 mA cm-2 (Figure 4.11b). Notably, 9% Pt/Ni(HCO3)2 and 20%
Pt+Ni(HCO3)2 also show higher catalytic activity over Pt NPs, which should be closely associated with
Ni(HCO3)2. Besides, the superior activity of 20% Pt/Ni(HCO3)2 over 20% Pt+Ni(HCO3)2 reveals that the
interaction between Pt and Ni(HCO3)2 is of great importance to the accelerated alkaline HER kinetics. In
addition, the alkaline HER performance of Pt/Ni(HCO3)2 heterostructures with different Pt loadings and
bare Pt NPs are presented in Figure 4.15. It is obvious that 20% is an optimized weight ratio to achieve the
balance of the exposed Ni(HCO3)2 surface and uniformly dispersed Pt active sites for accelerated alkaline
HER kinetics. The LSV curves normalized by Pt mass are also investigated (Figure 4.16). A high mass
specific j of 1.77 mA µgPt-1 can be achieved for 20% Pt/Ni(HCO3)2 at the η of 100 mV, which is substantially
higher than those of other samples. 20% Pt/Ni(HCO3)2 also outperforms some reported Pt-based catalysts
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towards alkaline HER (Table 4.3).

Figure 4.13 a) The current difference (ja-jc)/2 at 50 mV plotted against scan rate, the CDL values are derived
by linear fitting the plots, b) TOF values derived from the geometric and relative ECSA normalized TOF
values at the η of 100 mV, and c) Nyquist plots measured at the η of 100 mV for bare Pt, 20% Pt/Ni(HCO3)2,
9% Pt/Ni(HCO3)2, 20% Pt+Ni(HCO3)2 and commercial 10% Pt/C (Inset: enlarged Nyquist plots). d) Schematic illustration of a possible electrocatalytic mechanism to explain the enhanced HER activity of
Pt/Ni(HCO3)2 heterostructures in alkaline medium.

Figure 4.14 a-f) CV curves of Pt NPs (a), 20% Pt/Ni(HCO3)2 (b), 9% Pt/Ni(HCO3)2 (c), 20% Pt+Ni(HCO3)2
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(d), 10% Pt/C (e) and Ni(HCO3)2 (f). All the sampled were measured in a non-Faradaic region at the following scan rate: 0.04, 0.08, 0.12, 0.16 and 0.2 V s-1 (sequentially increase with the direction of arrow).

Figure 4.15 a) LSV curves, the corresponding b) Tafel plots, and c) Nyquist plots measured at the η (Inset:
enlarged Nyquist plots) of 100 mV for bare Pt NPs, 60% Pt/Ni(HCO3)2,

20% Pt/Ni(HCO3)2, 9%

Pt/Ni(HCO3)2 and 5% Pt/Ni(HCO3)2.

Figure 4.16 a) LSV curves normalized by the mass loading of Pt species, and b) the corresponding current
densities at the η of 100 mV for Pt NPs, 20% Pt/Ni(HCO3)2, 9% Pt/Ni(HCO3)2, 20% Pt+Ni(HCO3)2 and
10% Pt/C.
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Table 4.3 Summary of alkaline HER properties of Pt-based catalysts in recent literatures.
Pt loading
(μg cm-2)

Electrolyte

Overpotential

Tafel slope
(mV dec-1)

Mass activity

Ref.

38 wt% Pt
NWs/SLNi(OH)2

16.1

1M
KOH

85.5 mV at 4
mA cm-2
(ECSA normalized)

____

0.679 mA μgPt-1 at
−0.07 V

[103]

43 wt% Pt@2DNi(OH)2

1.13

0.1 M
KOH

123 mV at
4.2 mA cm-2

____

____

[102]

41.9 wt%
Pt/C/10wt%
Ni(OH)2

5

0.1 M
KOH

～47 mV at
5 mA cm-2

____

____

[221]

Ni(OH)2/Pt

____

0.1 M
KOH

～95 mV at
4 mA cm-2

____

____

[57]

Ni(OH)2/Pt
islands/Pt (111)

____

0.1 M
KOH

～110 mV at
4 mA cm-2

____

____

[104]

Pt3Ni
frames/Ni(OH)2/
C

____

0.1 M
KOH

～70 mV at
6 mA cm-2

____

____

[222]

4wt%
Ptc/Ni(OH)2

2.26

0.1 M
KOH

32 mV at 10
mA cm-2

86

6.34 mA μgPt-1 at
−0.05 V

[223]

Pt on edge-rich
WS2

640

1M
KOH

～45 mV at
10 mA cm-2

65

____

[224]

Pt/NiO@Ni/NF

92

1M
KOH

34 mV at 10
mA cm-2

39

0.532 mA μgPt-1 at
−0.05 V

[191]

β-Ni(OH)2/Pt

____

0.1 M
KOH

92 mV at 10
mA cm-2

42

____

[170]

20 wt%
Pt/Ni(HCO3)2

40

1M
KOH

44 mV at 10
mA cm-2

40

1.77 mA μgPt-1 at
−0.1 V

This
work

Material

The intrinsic activities were evaluated by the exchange current densities (j0), which were further normalized
by the relative ECSA, denoted as j0,

ECSA

(Figure 4.17 and Table 4.4). 20% Pt/Ni(HCO3)2 and 9%

Pt/Ni(HCO3)2 exhibit high j0,ECSA of 9.91 and 7.06 mA cm-2, respectively, which are much higher than that
of bare Pt NPs (2.75 mA cm-2). The significant increment of j0, ECSA confirms the accelerated electron transfer rate. TOF is also an important parameter to evaluate the intrinsic activity. 20% Pt/Ni(HCO3)2 delivers
the highest TOF value (1.8 s-1) among the samples (Figure 4.13b and Figure 4.18a). And the superiority of
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Pt/Ni(HCO3)2 becomes more distinguished when TOF is normalized by relative ECSA (Figure 4.18b). The
Nyquist plots in Figure 4.13c shows that 20% Pt/Ni(HCO3)2 (6 Ω) and Pt NPs (5.6 Ω) deliver extremely
lower reaction resistances as compared to other samples. High Pt mass loading is beneficial to enhance
electron transfer. On the other hand, the presence of hydrophilic Ni(HCO3)2 and the strong interaction in
the heterostructures may facilitate the diffusion of the reactants and intermediates during the electrochemical reactions. Moreover, the synergistic effect ensures 20% Pt/Ni(HCO3)2 to show fast charge transfer and
mass diffusion, thereby inducing accelerated hydrogen evolution kinetics. Finally, the performance stability
(Figure 4.19a) shows that 20% Pt/Ni(HCO3)2 preserves 83% of its initial current, while bare Pt NPs and
20% Pt+Ni(HCO3)2 only maintain 62% after a 3-hour test. The Ni(HCO3)2 could efficiently prevent the
aggregation of Pt NPs with the help of strong coupling with Pt, thus ensuring the heterostructure with higher
durability. The good structural stability is also evidenced by the TEM images of 20% Pt/Ni(HCO3)2 after
50 cyclic voltammetry test (Figure 4.19b and c).

Figure 4.17 The exchange current densities of various samples determined by applying extrapolation
method to the Tafel plots.
Table 4.4 The exchange current densities of various samples.
Samples

Relative ECSA

j0, geo (mA cm-2)

j0, ECSA (mA cm-2)

Pt NPs

1

2.75

2.75

20%Pt/Ni(HCO3)2

0.356

3.53

9.91

9% Pt/Ni(HCO3)2

0.0524

0.370

7.06

20%Pt+Ni(HCO3)2

0.0593

0.437

7.34

10% Pt/C

0.0524

0.218

4.16
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Figure 4.13d illustrates a possible mechanism for the enhanced alkaline HER activity of Pt/Ni(HCO3)2.
Ni(HCO3)2 acts as an efficient role for H2O adsorption/dissociation and consequently promotes the Volmer
step (H2O + e− → Had + OH−), and Pt serves as the active center for Had adsorption/recombination via the
Heyrovsky step (H2O + e− + Had → H2 + OH−) and/or Tafel step (Had + Had → H2). Ni(HCO3)2 also helps to
accelerate the following Heyrovsky step, where H2O dissociation is also involved. Notably, the water dissociation by-product OH− prefers to adsorbing to the Ni(HCO3)2 surface, which would protect Pt surface
from being occupied by OH−, maintaining active sites for H adsorption and thus facilitating hydrogen evolution.[225] On the other hand, the unique heterostructure with well-defined interface ensures the maximal
exposure of Pt active sites, and the strong electronic interaction between Pt and Ni(HCO3)2 optimizes the
Had affinity of Pt species, both of which would greatly accelerate the Heyrovsky and/or Tafel steps, thereby
promoting Had recombination to generate H2.

Figure 4.18 The relationship between TOF values and the measured E vs. RHE: a) the TOF values were
calculated from geometric, and b) the relative ECSA normalized polarization curves at the η of 100 mV.
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Figure 4.19 a) Time-dependent current densities of Pt NPs, 20% Pt/Ni(HCO3)2 and 20% Pt+Ni(HCO3)2
measured in 1 M KOH. b, c) HRTEM images of 20% Pt/Ni(HCO3)2 heterostructure characterized after 50
CV cycles.

4.4 Conclusion
In summary, Pt/Ni(HCO3)2 hetero-nanostructures were designed towards accelerated alkaline HER kinetics. Electrochemically inert Ni(HCO3)2 was, for the first time, demonstrated to be an efficient catalyst promoter with decent water adsorption/dissociation capability for alkaline HER. Ni(HCO3)2 also plays an active role in preventing the growth and agglomeration of Pt NPs, thus ensuring the maximal exposure of Pt
active sites. Also, the strong coupling between Ni(HCO3)2 and Pt induces intensive electronic interaction,
and the Had affinity of Pt is optimized accordingly. Benefiting from the aforementioned unique functionalities, Pt/Ni(HCO3)2 exhibits remarkably enhanced alkaline HER activity and stability. The results demonstrate that engineering heterostructures is an effective strategy towards the development of efficient catalysts.
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Chapter 5 Manipulating Coordination Chemistry of
Ru−N(O)−C Moieties for Fast Alkaline Hydrogen Evolution
Kinetics
5.1 Introduction
Past decades have witnessed great development of supported metal materials, which is a profound class of
heterostructures with diverse applications in energy conversion and storage area. The prominent examples
are the extensively studied supported metal catalysts with a variety of geometric, coordination, electronic
and synergistic effects as compared with bare metal catalysts.[126, 132, 226-232] Recent achievements have
proved that interface engineering (e.g., interfacial bonding, interfacial charge transfer) can induce and manipulate novel interfacial physicochemical properties for the heterostructures, which is vital to reach optimal catalytic performance.[233, 234] Specifically, the electronic structure of the (near-) interface metal atoms,
which is closely associated with the adsorption/desorption behaviour of the reactants and intermediates, can
be readily modified through interface engineering, thereby affecting the overall reaction kinetics.[229, 235]
Therefore, ever-increasing research interests have been focused on engineering metal-support interface
chemistry of heterostructures for catalysis applications.
The ideal model to investigate interface chemistry is supported single-atom catalysts (SACs) because of the
simple coordination structures.[236] The active sites and relevant interface chemistry in SACs are basically
identical, which are usually high-valent metal species; however, they are not ideal catalysts for complex
reactions, which involve multiple reaction steps and intermediates, because the scaling relation exists for
the adsorption behaviour of different intermediates.[24, 237, 238]. Further, the stability of isolated metal atoms
is another concern due to the ultrahigh surface energy, and, generally, complicated synthetic processes are
necessary to obtain uniform and stable SACs.[239, 240] In contrast, in the case of supported metal nanoparticles (NPs, <2 nm), both high-valent metal species (interface) and metallic atoms (near-interface) exist in
the heterostructures, which could provide at least two kinds of sites for simultaneously achieving optimal
adsorption behaviours of a variety of reaction intermediates, and hence trigger favourable synergistic effect
towards faster reaction kinetics. Besides, the electrochemical performance of metal catalysts are size dependent in some cases.[241-244] For instances, the optimal size of Pt NPs for ORR is around 2.2 nm.[243] It
was also reported that Pt NPs with around 30−70 atoms exhibit the strongest electronic interaction with
support.[244] Moreover, there have been well-developed scalable wet-chemical approaches for preparing
metal NPs-based catalysts.[31, 150, 245] On the other hand, featuring controllable physiochemical properties
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(e.g., surface coordination environment), excellent thermal stability and high corrosion resistance, conductive carbonaceous materials (e.g., nitrogen-doped graphene) show great potential as the substrates for the
development of supported metal catalysts.[134, 159, 246] Over the past decade, numerous carbonaceous materials-supported heterostructured/hybrid metal catalysts with metal species ranging from single atoms to
NPs, have been designed with encouraging catalytic performance towards a wide range of electrocatalysis
applications.[153, 247-251]
Water splitting implemented by water electrolyzers is one of the most promising approaches to sustainably
realize clean energy-to-hydrogen conversion for alleviating current energy crisis. As compared with proton
exchange membrane water electrolyzers (PEMWEs), the alkaline working environment of anion exchange
membrane water electrolyzers (AEMWEs) allows for the use of cost-effective components including noble
metal-free electrocatalysts for OER.[14] Pt is the state-of-the-art HER electrocatalyst due to the optimum
hydrogen binding energy.[24] However, the scarcity and high-cost of Pt cannot sustain the large-scale production of hydrogen;[252] and meanwhile, the catalytic performance of Pt-based electrocatalyst towards alkaline hydrogen evolution is substantially inferior to the case in acidic media mainly due to the high water
dissociation energy barrier on the Pt surface.[30, 58, 84, 86] Ru is considered as a promising substitute to Pt
owning to the lower price and stronger water adsorption/dissociation ability, however, its high binding
strength to H and OH is not beneficial for the release of product in alkaline conditions.[30, 99] In order to
address the aforementioned challenge, nitrogen-doped carbon (NC)-supported Ru (sub-)NPs (Ru/NC) heterostructured electrocatalysts containing abundant Ru−N(O)−C moieties were designed towards fast alkaline hydrogen evolution kinetics. Although numerous carbon-supported metal heterostructured electrocatalysts have been reported, correlating the catalytic activity of metal active sites with interfacial coordination
chemistry has been rarely explored. In this work, the coordination chemistry of Ru−N(O)−C moieties (e.g.,
coordination number), and hence the geometric and electronic structures of Ru species can be precisely
modulated via proper annealing treatment. Interestingly, we found that the loosely packed Ru species that
are highly coordinated to the NC support are not sufficiently active for HER, which is contrary to the previous report that atomic Ru sites are highly active for HER.[145, 148, 253] On the contrary, after interfacial
coordination chemistry engineering, the disorderedly packed Ru atoms were rearranged with improved
crystallinity, and consequently delivered ultrahigh catalytic activity towards both alkaline and acidic HER.

5.2 Experimental section
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Synthesis of Ru/NC heterostructures. Two-dimensional NC NSs were firstly prepared by calcinating the
mixture of urea and D-glucose (m/m=10:1) at 900 °C for 5 h under Ar, with a heating rate of 5 °C/min. To
prepare Ru/NC-RT, 100 mg of the as-prepared NC NSs and 1100 µL of 0.1 M RuCl3ꞏxH2O aqueous solution were dispersed in 150 mL DI water, followed by ultrasonicating for 3 h and then magnetic stirring at
700 r.p.m for 6 h under room temperature. The Ru/NC-RT heterostructure was obtained by centrifuging
and vacuum drying overnight. The Ru3+ precursor was reduced to Ru nanoclusters by the abundant functional groups on NC, which has been previously reported.[174] Ru/NC-200, Ru/NC-300, Ru/NC-400 and
Ru/NC-500 were obtained by annealing the as-obtained Ru/NC-RT at the corresponding temperature under
Ar for 2 h, respectively.
Characterizations. TEM was conducted using JEOL JEM-2010 at 200 kV. Aberration-corrected STEM
was performed at 200kV using JEOL ARM200F microscope. Imaging was captured in HAADF and bright
field (BF) modes. The instrument is equipped with a cold filed emission electron source and a JEOL large
area EDS, allowing elemental mapping acquirement with atomic resolution. XRD data was collected from
a powder diffractometer (Malvern PANalytical Empyrean diffractometer in Bragg-Brentano geometry
equipped with the PIXcel3D area detector at the reflection spinner stage) with Cu Kα radiation (1.54060)
at Å45 kV and 40 mA. TGA was performed using a Mettler-Toledo TGA/DSC 1 STARe system in the
temperature range of 50−900 ℃ at the heating rate of 10 ℃ min-1 under air. XPS and XANES spectra were
measured at the photoemission end-station at beamline BL10B in the National Synchrotron Radiation Laboratory (NSRL) in Hefei, China. A bending magnet is connected to the beamline, which is equipped with
three gratings covering photon energies from 100 to 1000 eV.
XAFS characterizations. The prepared samples were subjected to XAFS spectroscopy analysis to characterize localized coordination environment around Ru atoms. Ru K-edge XAFS were collected at beamline
BL14W1 in SSRF. The storage ring was operated at energy of 3.5 GeV with maximum current about 250
mA. The white X-ray was monochromatized with a Si (111) double-crystal monochromator and the energy
was calibrated with a Ru foil. Ru standards and prepared samples were pressed and collected in transmission
mode at room temperature. The data processing method is the same as that for Pt/Ni(HCO3)2, which has
been presented in Section 4.2.
Electrochemical measurements. The working electrode preparation and electrochemical measurement
methods for evaluating the HER performance of Ru/NC heterostructures in 1 M KOH are identical to those
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for Pt/(HCO3)2 using the same electrochemical measurement system, except for the use of graphite as counter electrode. For the evaluation of HER activity in 0.5 M H2SO4, Ag|AgCl was used as reference electrode
and graphite was selected as counter electrode. Before electrochemical measurement, the reference electrode was calibrated in the relevant electrolyte with H2-saturation. The measured potentials of working
electrodes were therefore converted to the potential versus RHE with ohmic compensation using Equation
5.1 in 1 M KOH and Equation 5.2 in 0.5 M H2SO4, respectively.
ERHE = EHg|HgO + 0.921 - i𝑅

(5.1)

ERHE = EAg|AgCl + 0.235 - iRS

(5.2)

Calculation of ECSA. Cu-UPD method is used to calculate ECSA of Pt and Ru-based electrocatalysts,
based on previous report.[73, 153] Typically, 20% Pt/C and the Ru/NC electrodes were polarized at 0.3 V and
0.215 V (vs. RHE),respectively, for 100 s in 0.5 M H2SO4 (in the presence of 5 mM CuSO4) to form Cu
monolayer. For pristine Ru NPs electrodes, Cu-UPD was performed at 0.3 V (vs. RHE) for 100 s to form
mono-layered Cu. ECSA (cm-2), which represents the actual area of the electrode material that is accessible
to the electrolyte that is used for charge transfer, is calculated based on the UPD copper stripping charge
(QCu, CuUPD → Cu2+ + 2e-) via the following equation:
ECSA = QCu /QS

(5.3)

where QCu is the measured UPD copper stripping charge, QS represents the average value of the specific
charge associated with monolayer formation of Cu atoms on a polycrystalline Pt or Ru surface, which is
assumed to be 410 µC cm-2.[73]
Calculation of the number of active sites (n). n (mol) can be calculated from the following equation:
n = QCu /(2F)

(5.4)

Where F is Faraday constant (96485 C mol-1).
Calculation of TOF. TOF (s-1) is obtained from the following equation:
(5.5)

TOF = I/(2nF) = I/QCu

Where I is the current (A) obtained from LSV curve, n is the number of active sites, F is the Faraday
constant (C mol-1), and 2 represents that two electrons are required to form one hydrogen molecule during
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HER process.

5.3 Results and discussion
Figure 5.1 illustrates the synthetic approach of Ru/NC heterostructures. Ru/NC-RT was firstly prepared by
a wet-chemical process at room temperature (RT), the other samples were obtained by annealing Ru/NCRT at different temperatures under Ar atmosphere. The content of Ru species is determined to be around 6
wt% based on the TGA results, as shown in Figure 5.2.

Figure 5.1 Schematic illustration for the synthesis of Ru/NC heterostructures. The grey balls represent
carbon atoms, the blue ones are nitrogen atoms, the red ones are oxygen atoms, the cyan ones are chlorine
atoms, and the golden ones are ruthenium atoms.

Figure 5.2 a-f) TGA curves of the as-prepared Ru NPs (a), Ru/NC-RT (b), Ru/NC-200 (c), Ru/NC-300 (d),
Ru/NC-400 (e) and Ru/NC-500 (f) under air with a ramping rate of 10 ℃ min-1.
Low and high-resolution HAADF-STEM images of Ru/NC-RT (Figure 5.3a, b) show that Ru species were
uniformly anchored on NC with Ru atoms loosely packed in the form of nanoclusters. The corresponding
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FFT pattern (inset of Figure 5.3b) of the selected Ru species displays some diffuse spots, disclosing poor
crystallinity of Ru. After annealing, the loosely packed Ru atoms were assembled as Ru NPs, with the
average particle size slightly increasing from 1.44 nm for Ru/NC-RT to 1.63 nm for Ru/NC-400 (Figure
5.4a, Figure 5.5-5.7). Notably, Ru NPs in Ru/NC-400 are well crystallized and mainly enclosed by (100)
and (101) crystal planes (Figure 5.4b). The corresponding FFT image (Figure 5.4c) uncovers hexagonal
close-packed (hcp) lattice of a selected Ru NP.[254] Energy-dispersive X-ray spectroscopy (EDS) mappings
of Ru/NC-RT (Figure 5.3c, d) and Ru/NC-400 (Figure 5.8) further evidence the homogeneous distribution
of N, O, and Ru elements on the carbon framework at atomic level. Notably, the Ru/NC heterostructures
maintained well-defined nanostructure under distinct annealing temperatures (Figure 5.4-5.7), which could
be attributed to the rich coordination sites and large surface area of NC nanosheets. However, severe Ru
NPs growth and sintering is observed for Ru/NC-500 (Figure 5.9). This is ascribed to the methanation and
gasification of carbon materials catalysed by Ru when the temperature is increased over 400 ℃.[255] Furthermore, the XRD pattern of the Ru/NC-T (T ≤ 400) heterostructure presents the crystal planes of C(002)
and C(100). However, the diffraction peaks of Ru are absent, which is due to the low content and ultrasmall
dimension of Ru species (Figure 5.10).

Figure 5.3 a) Low- and b) high-magnification HAADF-STEM images (inset: the corresponding FFT image
of the selected area) of Ru/NC-RT. c) HAADF-STEM images, and d) the corresponding EDS elemental
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mappings (scale bar: 2 nm) of Ru/NC-RT.

Figure 5.4 a) TEM image (inset: the corresponding Ru particle size distribution histogram), b) high-resolution HAADF-STEM image, and c) the corresponding FFT image of a selected Ru particle of Ru/NC-400.
d-g) High-resolution C 1s and Ru 3d XPS spectra of Ru/NC-RT (d), Ru/NC-200 (e), Ru/NC-300 (f) and
Ru/NC-400 (g). h) Fourier transform of EXAFS spectra (the lines are experimental data, and the circles are
fitted results), and i) normalized Ru K-edge XANES spectra of various Ru/NC catalysts and control samples.
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Figure 5.5 a, b) TEM images of Ru/NC-RT (inset: the corresponding Ru particle size distribution histogram).

Figure 5.6 a, b) TEM images of Ru/NC-200 (inset: the corresponding Ru particle size distribution histogram).

Figure 5.7 a, b) TEM images of Ru/NC-300 (inset: the corresponding Ru particle size distribution histogram).
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Figure 5.8 a) High-resolution HAADF-STEM image, and b) the corresponding EDS elemental mappings
of Ru/NC-400. Scale bar: 2 nm.

Figure 5.9 TEM images of Ru/NC-500.

Figure 5.10 XRD patterns of Ru/NC-RT, Ru/NC-200, Ru/NC-300, Ru/NC-400 and Ru/NC-500.
The electronic structures of the Ru/NC heterostructures were probed by XPS and soft XAS. The survey
spectra verify the presence of C, N, O and Ru elements (Figure 5.11a-f). Deconvoluted high-resolution C
1s and Ru 3d spectra of various samples are displayed in Figure 5.4d-g and Figure 5.12. Each C 1s spectrum
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involves four peaks at the binding energy (BE) of 284.8, 286, 287.5 and 289 eV, corresponding to graphitized sp2 carbon (C=C), carbon coordinated with dopants (C−N or C−O), C=N(O) and −COOH, respectively.[256] The fitted Ru 3d5/2 spectra reveal a contribution between the BE of 282 and 281 eV, assigning to
oxidized Ru species, and the characteristic peak between 281 and 280 eV is attributed to metallic Ru(0).[148]
Notably, the Ru/NC-RT heterostructure only contains oxidized Ru species, while the metallic Ru species
is absent. The fraction of metallic Ru species increases accordingly from Ru/NC-RT to Ru/NC-400, as
listed in Table 5.1. Notably, the Ru 3d5/2 peak shift negatively from Ru/NC-RT to Ru/NC-400, unveiling
electron accumulating on the Ru surface with rising proportion of metallic Ru species. During HER process,
such electron-enriched metal surface favours adsorption of electron-deficient reactants, such as proton,
thereby facilitating HER kinetics.[144, 257] Then looking into the N K-edge XANES spectrum of pure NC
(Figure 5.13a), four features at 399, 400.7, 402.8 and 409 eV assigning to pyri-N, pyrrolic N (pyrr-N), grapN and σ*-transition of the C−N bond, respectively, are observed.[258] After Ru deposition, the pyrr-N peak
is weakened and broadened, whereas the other peaks remain constant. Moreover, the N characteristic peaks
of Ru/NC heterostructures shift negatively as compared to those from pure NC, validating electrons transfer
from Ru to N dopants after hybridizing NC with Ru (sub-)NPs (Figure 5.13a and Figure 5.14a). These
discoveries unravel the formation of Ru−N coordination and strong electronic interaction between Ru and
N. Additionally, the peak at the photon energy of 531.7 eV (a) from the O K-edge XANES spectrum of
Ru/NC-RT can be identified as Ru−O bond (Figure 5.13b).[259] With increasing annealing temperature, the
signal damps and splits into two peaks (a1 and a2). This phenomenon suggests the reduction of surface
adsorbed/coordinated O species, and the possible loss of interfacial Ru−O bonding due to the annealing
treatment. Besides, a red shift of O=C−O and O−C species can be observed for the Ru/NC heterostructures
as compared to those of pure NC, unveiling that the O species also act as electron acceptors (Figure 5.14b).
However, no significant interaction between Ru and C is observed from C K-edge XANES spectra (Figure
S5.13c). All these proofs demonstrate that interface chemistry engineering triggers electron transfer from
interfacial Ru sites to N(O) dopants, thus leading to the electron redistribution over the Ru species. As a
consequence, the interfacial Ru species are positively charged due to the loss of electrons, whereas the
surface Ru sites are accumulated by electrons as compared to the interfacial Ru sites.
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Figure 5.11 a-f) XPS survey spectra of the as-prepared NC (a), Ru/NC-RT (b), Ru/NC-200 (c), Ru/NC300 (d), Ru/NC-400 (e) and Ru NPs (f).

Figure 5.12 High-resolution C 1s and Ru 3d XPS spectra of a) NC, and b) Ru NPs.
Table 5.1 Analysis of high-resolution Ru 3d XPS spectra for various samples.
Sample
Ru/NC-RT

Ru/NC-200

Ru/NC-300

Ru species

Position (eV)

FWHM (eV)

Area

Rux+ 3d5/2

281.769

1.178

3959

Rux+ 3d3/2

285.899

0.843

2614

Ru0 3d5/2

280.796

1.240

3866

Ru0 3d3/2

284.895

0.700

2570

Rux+ 3d5/2

281.735

1.398

8419

Rux+ 3d3/2

285.895

1.002

5536

Ru0 3d5/2

280.724

0.701

1521

Ru0 3d3/2

284.874

0.510

1025

Rux+ 3d5/2

281.441

0.915

2836
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Ratio (%)
100

31.5

68.5

34.8
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Ru/NC-400

Ru NPs

Rux+ 3d3/2

285.614

0.581

1934

Ru0 3d5/2

280.426

1.100

3233

Ru0 3d3/2

284.575

0.591

2160

Rux+ 3d5/2

281.326

1.405

5404

Rux+ 3d3/2

285.477

0.810

3591

Ru0 3d5/2

280.316

0.967

141786

Ru0 3d3/2

284.472

1.297

99602

Rux+ 3d5/2

281.069

1.309

68535

Rux+ 3d3/2

285.471

1.364

42888

37.5

62.5

68.4

31.6

Figure 5.13 a) N K-edge XANES spectra of NC, Ru/NC-RT, Ru/NC-200, Ru/NC-300 and Ru/NC-400, b)
O K-edge XANES spectra of NC, Ru/NC-RT, Ru/NC-200, Ru/NC-300 Ru/NC-400 and Ru NPs, and c) C
K-edge XANES spectra of NC, Ru/NC-RT, Ru/NC-200, Ru/NC-300 and Ru/NC-400.
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Figure 5.14 High-resolution a) N 1s XPS spectra of NC, Ru/NC-RT, Ru/NC-200, Ru/NC-300, and Ru/NC400, and b) O 1s XPS spectra of NC, Ru/NC-RT, Ru/NC-200, Ru/NC-300, Ru/NC-400 and Ru NPs.
Ru K-edge XAFS characterization was conducted to explore the coordination structures of Ru species at
atomic level. As shown in Figure 5.4h, Ru K-edge extended XAFS (EXAFS) spectra of the Ru/NC heterostructures disclose a prominent peak at the distance of 1.5 Å, assigning to Ru−N(O) bond. A weak signal
of metallic Ru−Ru bonding at the longer distance between 2 and 3 Å is detected for Ru/NC-T (T ≥ 200).
However, the Ru−Ru bond is absent from Ru/NC-RT, which is in line with XPS analysis for Ru/NC-RT
(Figure 5.4d). The coordination number and bond length were further quantified by quantitative leastsquares EXAFS curve fitting. As shown in Table 5.2, the Ru−N(O) coordination number reduces from 5.9
for Ru/NC-RT to 4 for Ru/NC-400, accompanied by the bond length decreasing from 2.04 to 1.95 Å. These
observations manifest the coordination number and the bond length can be flexibly regulated by post annealing treatment. It is known that strong interfacial chemical bonding can not only immobilize Ru species,
but also act as electron transfer bridge to facilitate charge transfer between Ru and NC support. Moreover,
the reduced Ru−N(O) bond length will further shorten the electron transport pathway between Ru and NC,
facilitating electron transport from catalyst surface to interface and expediting reaction kinetics.[45, 48, 260, 261]
Besides, the average Ru−Ru coordination number increases by 0.4 from Ru/NC-200 to Ru/NC-400, owing
to Ru atoms reconstruction and Ru NPs growth. Specifically, the Ru−Ru bond length variation is negligible,
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implying no additional strain was introduced between Ru atoms by annealing. XANES spectra (Figure 5.4i)
show that the absorption thresholds of Ru/NC moieties are analogous to those of atomically dispersed Ru
species,[262-264] suggesting a large amount of Ru atoms were bonded to the support. This result is consistent
with the observation from EXAFS spectra that Ru−N(O) interfacial bonding is predominant in the Ru/NC
heterostructures. The enlarged profiles (inset of Figure 2i) uncover the valence states of Ru species are
between 0 (Ru foil) and 4+ (RuO2), with an decreasing oxidation state from Ru/NC-RT to Ru/NC-400,
which is in good agreement with the XPS analysis. To this end, we can unravel that the loosely packed Ru
sub-NPs from Ru/NC-RT are positively charged. On the contrary, the Ru NPs from Ru/NC-T (T=200, 300
and 400) not only contain electron-deficient Ru species at the interface, but also possess electron-enriched
Ru species at the surface.
Table 5.2 EXAFS fitting parameters at the Ru K-edge for various samples.
Sample

Shell

Na

R (Å)b

σ2 (Å2)c

ΔE0 (eV)d

R factor

Ru foil

Ru−Ru

12

2.68

0.0037

0.3

0.0094

Ru−O

6.0

1.98

0.0036

Ru−Ru

1.8

3.12

0.0013

Ru−O

4.2

3.37

0.0036

−2.5

0.0009

Ru−Ru

3.8

3.56

0.0013

Ru−O

0.5

2.03

0.0016

Ru−Ru

6

2.67

0.0012

−3.0

0.0010

Ru−N(O)

5.9

2.04

0.0087

6.4

0.0004

Ru−N(O)

5.5

2.00

0.0074

Ru−Ru

2.0

2.76

0.0115

−0.9

0.0001

Ru−N(O)

4.4

2.00

0.0050

Ru−Ru

2.2

2.76

0.0143

2.4

0.0001

Ru−N(O)

4.0

1.95

0.0020

Ru−Ru

2.4

2.77

0.0153

−3.7

0.0001

RuO2

Ru NPs
Ru/NC-RT
Ru/NC-200
Ru/NC-300
Ru/NC-400
a

N: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; d ΔE0: the inner potential correc-

tion; R factor: goodness of fit; Ѕ02 was set to 0.829, according to the experimental EXAFS fit of Ru foil
reference by fixing NC as the known crystallographic value.
In order to elucidate the significance of metal/support coordination chemistry manipulation, electrocatalytic
HER activities of Ru/NC heterostructures were evaluated in 1 M KOH. As demonstrated in Figure 5.15ac, Ru/NC-RT shows poor apparent HER activity with a Tafel slope of 117 mV dec-1, an overpotential (η)
of 141 mV at 10 mA cm-2, and a low exchange current density (j0, geo) of 0.4 mA cm-2 (Figure 5.15c). After

82

Chapter 5 Manipulating Coordination Chemistry of Ru−N(O)−C Moieties for Fast Alkaline Hydrogen
Evolution Kinetics
annealing, the HER activities of Ru/NC moieties are progressively enhanced. Specifically, Ru/NC-400 exhibits outstanding performance with a Tafel slope of 49 mV dec-1, a η of 39 mV (37 mV for Pt/C) and a
high j0, geo of 2 mA cm-2. Besides, the smaller charge transfer resistance of Ru/NC-400 depicted by Nyquist
plot (Figure 5.16) implies its rapid reaction kinetics. Predictably, Ru/NC-500 shows deteriorated performance because of NC structure collapse and Ru NPs sintering. To quantitatively compare HER properties,
mass activities were calculated. As presented in Figure 5.17, the Ru/NC heterostructure shows increasing
mass activity from Ru/NC-RT to Ru/NC-400. To further investigate intrinsic HER activity, ECSA was
evaluated using Cu-UPD method (Figure 5.18 and Figure 5.19). As expected, the four Ru/NC heterostructures exhibit similar ECSA and number of active sites due to the close mass loading of Ru species. Based
on ECSA, TOF was calculated to quantify the intrinsic HER activity of Ru/NC heterostructures. Figure
5.15d shows the higher the annealing temperature (excluding Ru/NC-500), the higher the intrinsic HER
activity. Specifically, Ru/NC-400 delivers the TOF values of 4.4 s-1 at the η of 25 mV (10 times higher than
that of Ru/NC-RT), and 31.7 s-1 at the η of 100 mV (7.5 times higher than that of Ru/NC-RT), respectively.
Comparison of alkaline HER properties between Ru/NC-400 and other previously reported Ru-based catalysts demonstrates the outstanding HER performance of Ru/NC-400 (Figure 5.15e and Table 5.3) in alkaline conditions. Impressively, the intrinsic HER activities of Ru/NC heterostructures can be well-tuned by
rationally interfacial coordination chemistry engineering (Figure 5.15d and Figure 5.20). In addition, the
long-term stability of Ru−N(O)−C-400 is assessed using chronopotentiometry (CP) technique. As shown
in Figure 5.21, Ru/NC-400 sacrifices 30 mV of η after 12 h CP measurement. The abundant bubbles generating during the reaction blocks the access of electrolyte to catalyst surface, which may account for the
increase of η. Fortunately, the negligible loss of activity shown from LSV polarization curves recorded
before and after CP measurement (inset of Figure 5.21) tells the outstanding stability Ru/NC-400 catalyst.
To better elucidate the correlation between coordination environments and HER kinetics, relationship between TOF (at η=100 mV) and coordination number is established for the Ru/NC catalysts. As shown in
Figure 5.15f, the HER activities show a positively linear relation to the Ru−Ru coordination number,
whereas a negatively linear dependence on Ru−N(O) coordination number. This result indicates that the
loosely packed Ru species is not the preferable active sites for alkaline HER. Instead, a combination of
Ru−N(O) interfacial sites and abundant metallic Ru−Ru sites is the optimal configuration for high HER
activity.
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Figure 5.15 HER performance of various Ru/NC catalysts in 1 M KOH. a) LSV polarization curves, b)
Tafel plots obtained from LSV curves, c) overpotentials at the current density of 10 mA cm-2 (left) and
exchange current densities (right), d) the relationship between TOF values and the measured potentials of
Ru/NC catalysts and 20% Pt/C, e) TOF values of Ru/NC-RT, Ru/NC-400 and other recently reported Rubased catalysts, and f) TOF values (at 100 mA cm-2) as a function of coordination numbers of Ru/NC-RT,
Ru/NC-200, Ru/NC-300 and Ru/NC-400.

Figure 5.16 Nyquist plots of 20% Pt/C, Ru/NC-RT, Ru/NC-200, Ru/NC-300, Ru/NC-400 and Ru/NC-500
measured in 1 M KOH at the overpotential of 100 mV.
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Figure 5.17 Pt or Ru mass normalized a) LSV polarization curves, and b) the corresponding overpotentials
at 2 mA µgPt/Ru-1 of 20% Pt/C, Ru/NC-RT, Ru/NC-200, Ru/NC-300, Ru/NC-400 and Ru/NC-500 in 1 M
KOH.

Figure 5.18 Copper UPD curves in 0.5 M H2SO4 in the absence (I) and presence (II, III) of 5 mM CuSO4.
To obtain mono-layered Cu on electrodes, all the electrodes were polarized at 0.3 V (vs. RHE) for 100 s,
respectively. Curve (II) was acquired before polarization, and curve (III) was obtained after the corresponding polarization process. All the curves were acquired via CV technique at the scan rate of 50 mV s-1.
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Figure 5.19 Specific number of active sites calculated from Cu-UPD in Figure 5.18.
Table 5.3 Summary of alkaline HER properties of some recently reported Ru-based electrocatalysts.
Catalyst

Content of
Ru (wt%)

Catalyst loading
on GC (µg cm-2)

η at 10 mA
cm-2 (mV)

Tafel slope
(mV dec-1)

Ru/NC-400

6.2

~200

39

49

Ru@C2N

28.7

285

17

38

Ru@MWCNT

12.8

160

17

27

Ru-NC-700

~25

200

12

14

--

[148]

Ru NCs/BNG

17.2

707

14

28.9

--

[251]

Ru@SC-CDs

--

420

29

57

0.56 (at
100 mV)

[265]

Ru@CN

3.18

246

32

53

--

[144]

RuNC-2

2

860

81

88

24 (at
100 mV)

[142]

Ru@GnP

10.7

250

22

28

--

[150]

Ru@NG

24

857

40

76

--

[149]

Ru@C4N

20.8

270

7

18

Ru-CN/MC

5.2

340

17

38

RuP2/CNT

--

357

40

65

--

[267]

Ru/(Fe,Ni)(OH)
2/NF

8.23 (at%)

--

13

30

--

[268]
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TOF (s-1)
4.4/32 (at
25/100
mV)
0.76 (at
25 mV)
0.4/1.2
(at 25/50
mV)

0.65 (at
25 mV)
0.59/1.65
(at 30/60
mV)

Ref.
This
work
[153]

[152]

[138]

[266]
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Ru/Ni(OH)2/NF

--

--

25

47

--

[131]

Ru@NC

2

--

26

36

10.8 (at
100 mV)

[141]

Ru/NC

--

--

21

31

4.55 (at
100 mV)

[145]

Ru/MoS2/CP

--

--

13

60

--

[269]

Figure 5.20 ECSA normalized a) LSV polarization curves, and b) the corresponding Tafel plots of 20%
Pt/C, Ru/NC-RT, Ru/NC-200, Ru/NC-300, Ru/NC-400 and Ru/NC-500 in 1 M KOH.

Figure 5.21 Chronopotentiometry (CP) of Ru/NC-400 at 10 mA cm-2 in 1 M KOH. Inset: LSV polarization
curves before and after CP measurement.
Furthermore, the acidic HER performances of the Ru/NC electrocatalysts were also examined (Figure
5.22a-f, and Figure 5.23). It shows clearly that the acidic HER activities are quite close to those of alkaline
ones. The ECSA (Figure 5.24) and mass (Figure 5.25) normalized results of Ru/NC heterostructures scientifically reflects the successful regulation of specific/intrinsic HER activities in acidic solution. Concerning
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the distinction between the acidic and alkaline HER mechanisms,[11] we can suppose that the H2O adsorption and dissociation step, which determines the alkaline HER kinetics, is substantially accelerated through
interfacial coordination chemistry manipulation. Notably, Ru/NC-400 is still among the best HER performance catalysts in acidic condition (Figure 5.22e and Table 5.4). To further clarify the importance of interfacial coordination, we evaluated the HER activities of pure Ru NPs (which were annealed at different
temperatures). As evidenced by XRD patterns (Figure 5.26), the crystallinity of Ru NPs increases significantly with ascending temperature. The apparent HER performance of Ru NPs electrodes exhibit slight
decline with increasing annealing temperature in both alkaline and acidic conditions (Figure 5.27). However, the ECSA normalized results witness that the intrinsic HER activity of bare Ru NPs was not affected
by annealing treatment (Figure 5.28 and Figure 5.29). This manifests that interfacial coordination chemistry
plays a determinant role in tuning the intrinsic HER activity of metal species. Moreover, the inferior HER
performance of bare Ru NPs as compared to that of Ru/NC heterostructure, to some extent, illustrates interfacial coordination structure is indispensable for high HER performance of metal species.

Figure 5.22 HER performance of various Ru/NC catalysts in 0.5 M H2SO4. a) LSV polarization curves, b)
Tafel plots obtained from LSV curves, c) overpotentials at the current density of 10 mA cm-2 (left) and
exchange current densities (right), d) TOF values as a function of the measured potentials of Ru/NC catalysts and 20% Pt/C, e) TOF values of Ru/NC-400 and other recently reported Ru-based catalysts, and f)
TOF values (at 100 mA cm-2) as a function of coordination numbers of Ru/NC-RT, Ru/NC-200, Ru/NC300 and Ru/NC-400.
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Figure 5.23 Nyquist plots of 20% Pt/C, Ru/NC-RT, Ru/NC-200, Ru/NC-300, Ru/NC-400 and Ru/NC-500
measured in 0.5 M H2SO4 at the overpotential of 100 mV.

Figure 5.24 ECSA normalized a) LSV polarization curves, and b) the corresponding Tafel plots of 20%
Pt/C, Ru/NC-RT, Ru/NC-200, Ru/NC-300, Ru/NC-400 and Ru/NC-500 in 0.5 M H2SO4.

Figure 5.25 Pt or Ru mass normalized a) LSV polarization curves, and b) the corresponding overpotentials
at 2 mA µgPt/Ru-1 of 20% Pt/C, Ru/NC-RT, Ru/NC-200, Ru/NC-300, Ru/NC-400 and Ru/NC-500 in 0.5 M
H2SO4.
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Table 5.4 Summary of acidic HER properties of some recently reported Ru-based electrocatalysts.
Catalyst

Content of
Ru (wt%)

Catalyst loading
on GC (µg cm-2)

η at 10
mA cm-2
(mV)

Tafel slope
(mV dec-1)

TOF (s-1)

Ref.

Ru/NC-400

6.2

~200

55

39

2.0/22 (at
25/100 mV)

This
work

Ru@C2N

28.7

285

22

30

0.67 (at 25
mV)

[153]

Ru@MWCNT

12.8

160

13

27

0.7 (at 25 mV)

[152]

Ru-NC-700

~25

200

29

28

--

[148]

Ru@SC-CDs

--

420

59

--

--

[265]

hcp-Ru@NC

17

280

27.5

37

1.6 (at 25 mV)

[270]

RuNC-2

2

860

61

59

10 (at 100
mV)

[142]

Ru@GnP

10.7

750

13

30

--

[150]

Ru/C3N4/C

20

203

65

--

4.85 (at 100
mV)

[30]

Ru/GLC

10

400

35

30

--

[271]

Ru@C4N

20.8

270

6

26

0.93 (at 25
mV)

[138]

Ru-CN/MC

5.2

340

43

61

--

[266]

Ru/MeOH/THF

--

352

83

46

0.87 (at 100
mV)

[272]

RuP2/CNT

--

357

58

57

--

[267]

Figure 5.26 XRD patterns of the as-prepared Ru NPs-RT, Ru NPs-200, Ru NPs-300 and Ru NPs-400.
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Figure 5.27 a) LSV polarization curves, and b) the corresponding Tafel plots of Ru NPs-RT, Ru NPs-200,
Ru NPs-300 and Ru NPs-400 measured in 1 M KOH. d) LSV polarization curves, and d) the corresponding
Tafel plots of Ru NPs-RT, Ru NPs-200, Ru NPs-300 and Ru NPs-400 measured in 0.5 M H2SO4.

Figure 5.28 Copper UPD curves in 0.5 M H2SO4 in the absence (I) and presence (II, III) of 5 mM CuSO4.
To obtain mono-layered Cu on electrodes, all the electrodes were polarized at 0.3 V (vs. RHE) for 100 s.
Curve (II) was acquired before polarization, and curve (III) was obtained after the corresponding polarization process. All the curves were acquired via CV technique at the scan rate of 50 mV s-1.
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Figure 5.29 a) ECSA normalized LSV polarization curves, and b) the corresponding Tafel plots of Ru NPsRT, Ru NPs-200, Ru NPs-300 and Ru NPs-400 in 1 M KOH. c) ECSA normalized LSV polarization curves,
and d) the corresponding Tafel plots of Ru NPs-RT, Ru NPs-200, Ru NPs-300 and Ru NPs-400 in 0.5 M
H2SO4.
It is commonly accepted that the alkaline HER pathway involves the adsorption and dissociation of H2O
(Volmer step, 120 mV dec-1), generation of H2 either by combination of an adsorbed H (H*) with a H+
derived from dissociated H2O and an electron (Heyrovsky step, 40 mV dec-1), or by recombination of two
H* (Tafel step, 30 mV dec-1). In this work, the Tafel slopes of the Ru/NC electrocatalysts (Figure 5.15b)
indicate that they mainly undergo Volmer-Heyrovsky route. The rate-determining step (RDS) alters from
Volmer reaction for Ru/NC-RT to Heyrovsky reaction for Ru/NC-400, which means a balance between the
H2O adsorption/dissociation capability and the H adsorption energy is essential for the optimized Ru/NC
heterostructure to achieve rapid alkaline HER kinetics. The alkaline HER mechanism of Ru/functionalized
carbon system has also interpreted by previous work under the support of computational chemistry.[153, 251,
265]

Specifically, Baek et, al. performed a comprehensive DFT calculation for the Ru@C2N configuration,

drawing the following conclusion: i) the abundant Ru atoms at the interface facilitate H2O adsorption and
dissociation, thus promoting Volmer and/or Heyrovsky steps; ii) the metal-hydrogen (M−H) binding energy
on the non-interfacial Ru sites (55 eV H-1) is optimum. However, the M−H binding energy at the nearinterface Ru sites is relatively high (0.66 eV H-1), which is not beneficial for H adsorption.[153] The latter
finding is also supported by the far inferior acidic HER performance of Ru/NC-RT to that of Ru/NC-400
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in this work. Analogous to the Ru@C2N nanostructure, the alkaline HER mechanism on Ru/NC-400 is
depicted in Figure 5.30. The high HER activity of Ru/NC-400 can be ascribed to the higher oxophilicity of
electron-deficient Ru sites at heterointerface that facilitate H2O attraction and dissociation,[153, 251] as well
as the optimum H biding energy of the electron-enriched Ru sites on the surface. However, the high H
binding energy of electron-deficient Ru atoms is responsible for the sluggish HER kinetics of Ru/NCRT.[153] Therefore, we can safely conclude that engineering interfacial coordination chemistry of metal/support heterostructures is crucial for promoting alkaline HER kinetics.

Figure 5.30 Illustration of alkaline HER mechanism on the Ru/NC-400 electrocatalyst.

5.4 Conclusion
To sum up, we have designed Ru/NC heterostructures containing Ru−N(O)−C moieties for efficient HER
performance in both alkaline and acidic conditions. The coordination chemistry of Ru−N(O)−C moieties
(e.g., coordination number), and hence the geometric and electronic structures of Ru species can be precisely modulated by a facile annealing treatment. Remarkably, such rational coordination chemistry engineering, can trigger electron transfer from interfacial Ru sites to N(O) sites via charge transfer, thereby
giving rise to the electron redistribution over the Ru species. As a result, the electron-deficient Ru sites at
the interface are active for H2O adsorption and dissociation, whereas the electron-enriched surface Ru atoms
are responsible for the H adsorption. These two species of Ru sites play collaboratively facilitating the
overall alkaline HER kinetics. This interface chemistry manipulation strategy sheds a new light on the
development of heterostructures for a variety of applications.
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6.1 Conclusion
In conclusion, a comprehensive thesis on the theme of manipulating interfacial chemistry of heterostructured electrocatalysts for alkaline hydrogen evolution reaction has been presented. After introducing the
background and motivation of this thesis, a literature review, from fundamentals and theories to practical
catalyst design, has been presented to provide an in-depth understanding of electrocatalytic HER in alkaline
conditions. The literature review began with the introduction of well documented acidic HER mechanism
whereas inconclusive alkaline HER mechanism, and debates on the origin of pH-dependent nature of HER
kinetics and energetics were then unfolded. The powerful DFT calculations, which quantitatively take the
surface physiochemistry of the solid catalysts into account, were then introduced using some model catalysts. Afterwards, feasible design principles for alkaline HER electrocatalysts were proposed. Finally, how
theories and experiments operate collaboratively guiding the design of efficient alkaline HER catalysts were
demonstrated using some practical examples.
Then the experimental setups for the researches from materials synthesis and characterizations to electrochemical measurements were carefully discussed. Typically, facile wet-chemical approaches were used to
synthesize supported PGM-based electrocatalysts. Afterwards, characterization techniques which are used
to elucidate the physiochemical structures of the electrocatalysts were introduced. Further, electrochemical
testing methods for examining the electrocatalytic performance of the catalysts were also delicately discussed.
Subsequently, two different research works in relation to the design of PGM-based heterostructures towards
alkaline HER have been demonstrated in detail. In the Pt/Ni(HCO3)2 hetero-system, the Ni(HCO3)2 nanoplate not only plays a critical role in confining Pt NPs, thus ensuring the maximal exposure of Pt active
sites, but also promotes H2O adsorption and dissociation process, thus enabling fast proton supply. Moreover, the electronic effect at the interface of the engineered heterostructure leads to the electron redistribution
over Pt sites, thereby optimizing H binding strength on the Pt surface. In virtue of these merits, the optimized Pt/Ni(HCO3)2 electrocatalyst exhibited remarkably enhanced HER activity in alkaline condition. The
work demonstrates that engineering heterostructures with favorable electronic and synergistic effects is an
effective strategy for the development of alkaline HER catalysts.
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Furthermore, guided by the discovery that Ru endows substantially lower water dissociation energy barrier
than that of Pt,[30, 99] we designed nitrogen-doped carbon nanosheet-supported Ru nano-species for further
investigation. In this work, Ru/NC heterostructures with Ru species ranging from nanoclusters to sub-nanoparticles were synthesized via a simple wet-chemical approach coupled with ex situ annealing treatment.
Through rational manipulation of interfacial chemistry in terms of coordination number and bond length,
we observed that electron transfer from interfacial Ru sites to N(O) sites in the Ru/NC system, giving rise
to the electron redistribution over the Ru species. As a result, the electron-deficient Ru sites at the interface
are active for H2O adsorption and dissociation, and the electron-enriched surface Ru atoms are favorable
for H adsorption. These two species of Ru sites synergistically expedite the overall alkaline HER kinetics.
By elaborately demonstrating studies on Pt/Ni(HCO3)2 and Ru/NC heterostructures with precisely controlled heterointerfaces, we have underscored the significance of regulating interfacial chemistry for the
development of advanced electrocatalysts towards alkaline HER.

6.2 Challenges and outlook
To date, many advances such as designing high-performance heterostructured electrocatalysts have been
successfully achieved in the field of alkaline water electrolysis. Nevertheless, many challenges are still to
be faced. Reviewing previous literatures, we can find that the reported performances of catalysts vary significantly even with similar compositions and/or configurations. We can also find that the overpotential of
a given catalyst for alkaline HER can be as low as 10 mV reported in many literatures. This should be
particularly concerned, since the measured overpotentials of several parallel experiments could differ as
high as 30 mV to each other. Therefore, the electrochemical measurements and performance descriptors
should be unified. To avoid delivering ambiguous information, more details regarding electrochemical
measurements and data processing should be provided when discussing catalytic performance. The socalled synergistic effect, despite frequently used to explain the outstanding catalytic activity of heterostructures, their real imaging has not been fully understood and depicted. Analogous to the electronic structures
that can be quantified by DFT calculations, more solid/quantitative evidence should be provided to claim
what is real synergistic effect and how it affects the catalyst performance. In view of catalyst design and
practical application, the performance stability is another big concern. The activity of many highly active
heterostructures may decay rapidly and their stability assessment are usually restricted on laboratory scale,
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which largely hindered their further application in water electrolysis devices. Future research must interpedently evaluate the activity and stability in device application conditions and establish activity-stability
relationships to guide the design of high-performance real-world catalysts. Furthermore, considering practical device applications, the scale-up production of nano-scaled heterostructures is another big obstacle,
while many synthetic strategies are still limited on laboratory scale. Therefore, exploiting cost-effective and
scalable synthetic approaches is another tough challenge.
Although recent advances in nanotechnologies have given rise to the rapid development of many highperformance electrocatalysts for alkaline HER, the inherent reasons underlying their enhanced reaction
kinetics are always ambiguous. The indefinite adsorption/desorption behaviors of the reactive intermediates
of alkaline HER process is undoubtedly the biggest obstacle at present, which is largely due to the lack of
experimental evidence and theoretical investigations. To address this issue, from the experimental viewpoint, more feasible and efficient synthetic methods should be exploited for the synthesis of ideal model
catalysts to better match those theoretical simulation models. Besides, spectroscopic and microscopic imaging-based in situ characterizations are urgently required to directly monitor reaction intermediates, which
are the most straightforward way for understanding alkaline HER mechanism on a given electrocatalyst
surface. Moreover, accurate identification of the active sites at atomic level is also an indispensable process
to correctly interpret the structure-function relationship of a given catalyst, which therefore requires strong
support from the advanced spectroscopic technologies such as in situ and ex situ XAFS characterizations.
In parallel to the development of experimental technologies, optimization of DFT computational methods
towards modeling reaction pathways in real working conditions is also of great importance. For one thing,
theoretical calculations should simulate the reaction under continuously varied working potentials and electrolytes with a wide pH range. On the other hand, more accurate models that simulate complex HER working conditions at the catalyst-electrolyte interface should be build. Effects such as solvation, electric double
layer, electric field and orientation of adsorbed water that originate from aqueous solution should also be
taken into account.
By combining currently available experimental and theoretical methods, correlations between the reaction
kinetics and energetics have been constructed for acidic HER. And links between the surface electronic
structures and the energetic descriptors have also been established for acidic HER through DTF calculations, which serves as predictive tool for designing highly active catalysts. Nevertheless, the development
of these theories is still in its infancy for alkaline HER, largely due to the lack of definitive thermodynamic
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descriptors captured during reaction process. As such, it is urgent to establish universal methodologies/guidelines for directing the design of alkaline HER catalyst. Besides the well elucidated relationship
between the microscopic adsorption/desorption behaviors of reactive intermediates and the macroscopic
reaction kinetics, the correlation between the intrinsic physiochemical nature of a wide class of materials
with their energetic/kinetic descriptors with predictive power for hunting new catalyst may also of interest.
All in all, the top priority of current alkaline HER research is to develop universal catalyst design principles,
which strongly relies on a comprehensive understanding of the alkaline HER mechanism from both kinetic
and thermodynamic standpoints.
Fortunately, significant development of computational quantum chemistry and experimental nanotechnology, especially their successful collaboration, have provided us insightful understanding of many electrocatalytic reactions at atomic/molecular level. In modern society, there are tremendous opportunities in advancing alkaline HER by combining DFT calculations with electrochemical measurements, spectroscopic
and microscopic imaging characterizations. Recent development of efficient heterostructures towards various electrochemical reactions has convinced us that beyond heterostructure engineering, precise manipulation of interfacial chemistry is a profound strategy for designing advanced electrocatalysts. Through
which, the electronic structures of the surface and interfacial atoms can be simultaneously modified/rearranged via interfacial charge transfer, thus optimizing the adsorption states of reactive intermediates on the
catalyst. However, more feasible and effective strategies should be explored to precisely control the interfacial structures of the as-designed catalysts at atomic level. And further efforts should be devoted to quantify the so-called interfacial physiochemistry such as coordination number, bond length, d-band electronic
density of states using advanced spectroscopic characterizations, and further correlate these physiochemical
descriptors to the reaction kinetics/energetics to obtain more intuitive understanding of the structure-function/performance relationship of the electrocatalyst.
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